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GENERAL INTRODUCTION 
The soils from the Clarion catena which is predominantly 
composed of Clarion, Nicollet, Webster and Canisteo soil 
series, are naturally well to poorly drained soils. These 
soils occur in north central Iowa where they occupy all or 
parts of 29 counties. Their areal extent is approximately 3.1 
million hectares (12000 square miles). These soils are formed 
from late Wisconsin glacial till and till-derived sediments. 
These soils are used for both agricultural and non-
agricultural purposes. 
The dynamic nature of the water table has a profound 
effect on the genesis and land use of these soils. Many of 
the chemical, physical, and biological properties of the 
soils may be attributed to water table fluctuation. Modern 
soil survey reports rely on the proper characterization of 
drainage classes to determine the limitation of the soils for 
certain land use. 
Soils of the Clarion catena are Mollisols and a mollic 
epipedon is the one feature essential for placement in the 
order category in the Soil Taxonomy. The profile morphology, 
as well as mineralogy of Mollisols, are extremely divergent 
(Fenton, 1983). The identification and nature of minerals may 
provide valuable information on the geological origin of soil 
parent material (Somasiri et al., 1971) and on degree and 
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process of soil formation (Birkeland, 1984). The content of 
organic matter and the presence of secondary minerals 
contribute to the different morphological features of soils 
(Schwertmann, 1985). 
The relationship between the depth of the water table 
and morphological characteristics has been used to 
extrapolate drainage class in many soil classification 
systems. Numerous researchers including Simonson and Boersma 
(1972) in Oregon, Guthrie and Hajek (1979) in Alabama, 
Vepraskas and Wilding (1983a) in Texas, and Richardson and 
Hole (1979) in northwestern Wisconsin have investigated the 
morphological feature and other soil properties, and 
attributed their relationship to the fluctuating water table. 
Many researchers have difficulties applying 
morphological features related to drainage regime in the 
natural soil system. Zobeck and Ritchie (1984) observed low 
chroma mottles which occurred at depths slightly lower than 
the highest water table levels in the well drained and 
moderately well drained soils and higher than the highest 
water table in the poorly drained soils. Daniels et al. 
(1987) reported that the mottling or other morphological 
features may or may not be a true indicator in determining 
soil water table depths. They concluded that the absolute 
water table depth or duration of saturation cannot be 
accurately predicted by morphological features alone. Veneman 
3 
et al. (1976) recommended that only long term monitoring of 
water table can be conclusive for determining soil 
morphology-water table relationships. 
There is a problem with the definition of aquic moisture 
regime and taxonomic placement of seasonally wet soils. Soil 
Taxonomy (Soil Survey Staff, 1975) defined an aquic moisture 
regime as a reducing regime that is virtually free of 
dissolved oxygen because the soil is saturated by ground 
water or by water of the capillary fringe and on the basis of 
soil color, with emphasis on the mottles that have chroma of 
2 or less. These features imply periodic or prolonged soil 
saturation and reduction. Wilding and Rehage (1985), Veprakas 
and Wilding (1983b), and Franzmeier et al. (1983) have a 
problem applying aquic moisture regime with non-aquic 
moisture regime. 
In 1990 the International Committee on Aquic Moisture 
Regime (ICOMAQ) proposed that the term "aquic moisture 
regime" be replaced by "aquic condition" to avoid 
controversy. An aquic condition was defined by considering 
(i) redoximorphic features, (ii) saturation, and (iii) 
reduction. Redoximorphic features can be easily detected from 
a profile description and saturation can be observed by using 
a water table monitoring device or piezometer. Determination 
of reduction is difficult because many factors are involved 
in this process. 
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Therefore, the objectives of this research were: 
1. To test the application of redoximorphic features as 
soil saturation indicators present in the members of 
Clarion catena. 
2. To evaluate the effects of varying moisture regimes 
on soil mineralogy. 
3. To identify and quantify the different forms of Al, 
Fe, and Mn and utilize their oxides to quantify aquic 
conditions, 
Explanation of Dissertation Format 
This dissertation is written in the alternate format. 
Each of the three sections is a complete manuscript modified 
to conform with the specifications of the Iowa State 
University Thesis Office. Each part has its own abstract, 
introduction, materials and methods, result and discussion, 
summary and conclusion, and reference cited. There is a 
general introduction, summary and discussion, and general 
references also included. References cited within the general 
introduction section are placed in the general references. 
Each section will be submitted for publication to the Soil 
Science Society of America Journal. 
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SECTION 1: RELATIONSHIPS OF SATURATED ZONES IN THE CLARION 
CATENA. 
6 
ABSTRACT 
This study was conducted to determine the status of 
water tables for seven years on selected soils of the Clarion 
catena. Water table depths and the amount of precipitation 
were measured over a seven years period on five glacial till 
and till-derived sediments soils in central Iowa. The 
redoximorphic features were described according to the Soil 
Survey Manual (Soil Survey Staff, 1981). 
This study shows that the water table depth in each soil 
is a function of annual precipitation and landscape position. 
The results of the volumetric water content determined by the 
neutron probe were a useful tool to measure saturation 
conditions. The differences in the soil structural 
configuration played an important role for the presence or 
absence of the tension saturated zones. Redoximorphic 
features commonly are correlated with the fluctuating depth 
of the present day water table. 
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INTRODUCTION 
Knowledge of seasonal fluctuations of the water table is 
important in many aspects of our life, such as agricultural 
practices, constructional engineering, and environmental 
quality. The water table plays a significant role on farming 
operations in many countries of the world. It has direct or 
indirect influence on plant growth, soil conditions, and 
management operations. According to Schult et al. (1981) the 
presence of a high water table in the soil not only causes 
severe physiological crop damage but also decreases the 
number of days available for tillage, increases equipment 
miring, increases fuel consumption, and promotes inefficient 
use of fertilizers. The increased production costs per unit 
of crop production may be influenced by the above factors. 
Information on seasonal fluctuations of the water table 
is one of the important factors for maintaining the quality 
of the environment because septic tank drainage fields can 
became inoperative during periods of high water tables 
(Frittont and Olson, 1972). Many industrial effluents and 
pollutants from garbage disposals which are applied to the 
soil have potential to contaminate the reserve sources of 
ground water. 
Seasonal fluctuations of the water table are of concern 
for many constructional engineering projects. Buildings, 
roads, highways, basements and other installations may all be 
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damaged by water table fluctuations. It is evident that the 
depth to and duration of the water table influence land use. 
Factors Affecting the Levels of the Water Table 
It is well known that precipitation, and 
évapotranspiration, the extent of recharge and discharge, 
and water storage are important with respect to the depth and 
fluctuation of the groundwater. Also, soil physical 
properties such as texture, structure, hydraulic 
conductivity, and porosity affect water table fluctuations. 
Gillham (1984) presents theoretical and limited field 
evidence indicating that the capillary fringe may strongly 
influence the magnitude and transient nature of a shallow 
water table response-to rainfall. 
Eisenlohr and Sloan (1968) attributed the movement of 
the water table to surface topography and the permeability of 
the underlying materials. Besides the above factors, Ruhe 
(1969) has attributed the presence of paleosols to the 
creation of a zone of saturation. Coleman and Fenton (1982) 
predicted that the old geomorphic surfaces cause water table 
fluctuation in the loess-derived soils in south-central Iowa. 
Soils of North Central Iowa 
The soils of the Clarion catena, which is predominantly 
composed of Clarion, Nicollet, Webster, and Canistéo soil 
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series, are naturally well to poorly drained soils. These 
soils occur in north central Iowa (Figure 1) where they 
occupy all or parts of 29 counties. Their areal extent is 
approximately 3.1 million hectares (12000 square miles). 
These soils are used for both agricultural and non-
agricultural purposes. 
The dynamic nature of the water table has a profound 
effect on the genesis of these soils. The relationship 
between the depth of the water table and morphological 
characteristics has been used to extrapolate the drainage 
class in many soil classification systems. Numerous 
researchers including Simonson and Boersma (1972) in Oregon, 
Guthrie and Hajek (1979) in Alabama, Vepraskas and Wilding 
(1983) in Texas, and Zobeck and Ritchie (1984) in central 
Ohio have investigated the morphological features and other 
soil properties, and attributed their relationship to 
fluctuating water tables. Simonson and Boersma (1972) 
predicted that the depth to mottling and abundance of Fe-Mn 
concretions were a function of the depth of the water table. 
Zobeck and Ritchie (1984) observed low chroma mottles which 
occurred at depths slightly lower than the highest water 
table levels in the well drained and moderately well drained 
soils and higher than the highest water table in the poorly 
drained soils. Daniels et al. (1987) reported that the 
mottling or other morphological features may or may not be a 
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true indicator in determining soil water table depths. They 
concluded that the absolute water table depth or length of 
saturation cannot be accurately predicted by morphological 
features alone. They suggested that the water table depth 
described for a landscape unit would be more accurate than 
the morphological classification of the soils within the 
unit. Veneman et al. (1976) recommended that only long term 
monitoring of water table can be conclusive for determining 
soil morphology-water table relationships. They also stated 
that a single measurable soil characteristic could not be 
established as a criterion predicting the zone of saturation. 
Therefore, the objective of this research was to test 
the application of redoximorphic features as soil saturation 
indicators present in the members of Clarion catena. To 
accomplish this objective the following goals will be 
considered. 
1. Measure and summarize the water table depth for a 
long period of time for selected soils from the 
Clarion catena. 
2. Relate these data to the morphological properties 
of these soils. 
3. Characterize these soils according to the wetness 
class in terms of duration and depth of saturation. 
4. Relate the zone of saturation and volumetric 
moisture content determined by the neutron probe. 
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MATERIALS AND METHODS 
The study area for this research was located at the 
Agronomy Farm in Boone County (Section 9, T83NR25W), Iowa 
(Figure la). Geologically, the site is located in the south 
central part of Des Moines Lobe of late Wisconsin glaciation, 
an area of till deposited during the Gary substage (Ruhe, 
1969). The differences among the five soils are related to 
the difference in parent material, topographic position, and 
concomitant differences in drainage (Table 1). Detailed 
descriptions (Appendix A) were recorded for these soils in 
the field in terms of standard survey nomenclature (Soil 
Survey Staff, 1981). Figure (lb) shows a cross sectional 
diagram of the research site. 
A Gidding hydraulic soil coring machine was used to 
install the observation wells. Perforated 3.8 cm diameter 
Table 1. Name and selected characteristics of soils used in 
this study 
Soil 
Series 
Slope 
element 
Soil 
Classification 
Parent 
Material 
Natural 
Drainage 
Clarion Summit Typic 
Hapludoll 
Glacial 
Till 
Well 
Clarion Shoulder Typic 
Hapludoll 
Glacial 
Till 
Well 
Nicollet Backslope Aquic 
Hapludoll 
Glacial 
Till 
Somewhat 
Poor 
Knoke Depression Cumulic 
Haplaquoll 
F.Loamy 
Sediment 
Very 
Poor 
Canisteo Toeslope Typic 
Haplaquoll 
F.Loamy 
Sediment 
Poor 
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Des 
Moines 
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Boone County 
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Figure la. Location of study site in Boone County, Iowa 
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Figure lb. Cross-section of the study site 
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plastic PVC ( Poly Vinyl Chloride) tubes were stoppered on 
the bottom and inserted into the soil at selected landscape 
position. Nested piezometer were installed in the Clarion 
site at 1.2, 2.4, and 3.6 meter depths. Approximately 20 to 
50 cm of tube was left above the soil surface and the top was 
covered to prevent rainfall from entering. 
Water table depths were measured during the period of 
1984 to 1990. Measurements were made about twice per month 
throughout the year. A battery powered drop line meter was 
used to measure the depth to water table. Rainfall was 
monitored throughout the study period except for the winter 
precipitation data which were collected from a nearby weather 
station. 
A neutron probe (CPN Hydroprobe, Model 503DR) was used 
to measure the volumetric water content. The neutron access 
tubes for monitoring soil moisture content were installed at 
the study sites. Galvanized steel pipes, 3.8 cm inside 
diameter and stoppered at one end, were installed with the 
aid of a Gidding hydraulic soil coring machine. 
Soil samples for gravimetric moisture content and bulk 
density determination were taken in three replicates near the 
access tube at depths corresponding to those of the neutron 
probe measurements. Bulk density was measured by a core 
method (Blake and Hartge, 1982). The volumetric moisture 
14 
content was then determined by multiplying gravimetric 
moisture content and bulk density. 
The volumetric moisture contents were regressed with 
neutron counts ratio to extrapolate the volumetric moisture 
content from time to time. The dependability of the 
instrument may change with time, therefore, standard counts 
were recorded in the built-in shield to verify the meter's 
performance. By using the ratio of field count and the 
standard counts, the sources of error related to instrument' 
performances were minimized. 
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RESULTS AND DISCUSSION 
Water Table Fluctuations 
In most soils the zone of saturation or level of water 
table depth changed greatly with climatic patterns but the 
level of rise and fall varied among the soils depending on 
their landscape positions. There is a general relationships 
between precipitation and the water table. The annual 
precipitation plays a significant role in the fluctuation of 
water table levels. The annual precipitation data (Table 2) 
plotted against the low, high and average water table depths 
(Figures 2 to 6) show the effects of precipitation. 
For discussion purposes, the data for precipitation and 
water table depth for the years of 1987, 1988, and 1990 will 
be considered. These years were chosen because of their 
average, low, and high amounts of precipitation as compared 
to the long time average. The average depth to the water 
table in 1987 in the Clarion (summit) soil was 197 cm. The 
total precipitation was 92.10 cm for the same year. The 
average depth of the water table for the year of 1988 dropped 
to 242 cm. The year 1988 was a very dry year and the total 
rainfall was only 56.49 cm. The level of the water table rose 
to 205 cm with 112.50 cm total precipitation for the year of 
1990. The amount of precipitation for 1990 was greater than 
that of 1987, and thus a higher water table level in 1990 was 
Table 2. Monthly and total precipitation for Agronomy farm in Boone 
county, Iowa 
Month 1984 1985 1986 1987 1988 1989 1990 Long Term 
Average 
cm 
JAN 1.30 0.89 0.10 0.48 0.94 2.84 1.83 1.88 
FEB 2.06 2.36 2.62 1.32 0.53 0.76 1.09 2.41 
MAR 2.97 5.79 5.44 5.08 0.97 1.85 12.73 5.26 
APR 17.35 3.10 13.21 5.51 4.37 6.55 5.08 8.64 
MAY 12.85 3.23 13.84 9.19 4.45 10.57 21.74 11.10 
JUN 16.71 8.61 16.54 7.70 5.31 8.86 21.01 12.98 
JUL 8.64 3.56 13.89 12.14 8.61 6.17 19.56 8.76 
AUG 0.79 12.90 9.12 32.00 15.42 4.39 10.90 9.88 
SEP 10.13 10.24 17.53 5.26 8.36 8.13 5.72 8.15 
OCT 9.22 8.71 11.56 2.87 0.69 7.37 4.17 5.87 
NOV 5.27 1.68 3.10 6.91 4.90 0.28 3.94 3.38 
DEC 4.32 3.25 2.06 3.63 1.96 0.33 4.78 1.68 
TOTAL 91.57 64.31 108.99 92.10 56.49 58.12 112.55 79.98 
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anticipated. Since the opposite relationship was observed, it 
was necessary to examine the 1989 water table depth and 
precipitation data. The precipitation data revealed that the 
year 1989 was also a dry period and consequently the level of 
the water table dropped to 263 cm. It seems safe to conclude 
that the low precipitation during 1988 and 1989 was the 
factor that lowered the depth of the zone of saturation. As a 
result, higher rainfall during 1990 was not enough to 
replenish the deficit of water during the years of 1988-89. 
This similar trend was observed in each landscape position. 
It has been noticed that the fluctuation of the water 
table level in different landscape positions carries its own 
scheme. Soils in higher landscape positions have a greater 
fluctuation in water table level compared to soils of lower 
landscape positions. 
The zones of saturation are affected by the difference 
between precipitation, évapotranspiration, and lateral 
subsurface water movement. The monthly water table level for 
1987 (Figure 7), on the backslope position (Nicollet soil), 
gradually dropped during the months of April to September, 
even though there was considerable rainfall. During these 
months, total precipitation was 66.5 cm compared to 102.3 cm 
of évapotranspiration. 
The évapotranspiration exceeded the total amount of 
precipitation and lateral flow of water causing a deficit in 
23 
E 
o 
JD 
O 
03 
-f-J 
O 
5 
50--
100 "  
150--
• • Conisteo 
A A Nicollet 
o — o Clarion 
Q- 200 
0 Q "O- -o 
250 
O 35 
û. 
o 
> 
d) 
•o 
c 
o 
Q. 
CL 
C 
D 
O 
E 
< 
30" 
25--
2 0 "  
15 
10 
5' 
0-
Precipitation 
7ZZ Evapotranspiration 
JSl. 
FEB APR JUN 
Month 
AUG OCT DEC 
Figure 7. Monthly climatic data and water table depth 
for the year 1987 
24 
the water balance. These factors are responsible for gradual 
dropping of the water table level. This is a redundant 
feature in every soil in the study site. 
Attention was given to obtaining a generalized 
relationship between total annual precipitation and depth of 
the water table. The amount of annual precipitation was 
plotted against the average depth of the water table for the 
same year. For each landscape position, the average depth to 
the water table decreased with increasing amounts of annual 
precipitation (Figure 8). However, the slopes of the 
regression lines are different for each soil. The higher the 
landscape position (e.g.. Clarion on summit position), the 
steeper is the regression line. A gradual decrease in 
steepness occurs for soils on the lower landscape positions. 
This relationship may be explained as functions of the 
lateral flow of water from upslope to downslope and the 
presence of unoxidized till at shallow depths in lower 
landscape positions compared to higher landscape positions 
(Figure lb). Landscape gradient may have influenced the 
lateral water flow at this site. Ballantyne (1963) analyzed 
soluble salt concentration from similar landscape positions. 
He postulated lateral flow causing increased salinity in the 
lower slope positions. 
It has also been observed that during the winter months, 
with reasonable amounts of precipitation, the zone of 
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saturation did not change very rapidly but kept dropping to 
lower depths. Theoretically, the water table depth should 
drop during the winter (Benz et al. 1968). According to them, 
water responds to a temperature gradient such as migrating 
from a warm to a cold surface. Thus, as the ground freezes, 
upward migration of ground water in a vapor or liquid phase 
to the freezing front occurs. As a result the depth of the 
water table tends to be lower. There are a few studies where 
a reversed trend of the water table behavior was observed 
(Worcester, 1973 and Holstener-Jorgensen, 1967). 
Measurement of Field Moisture Content 
As a part of continuous research for the same site, 
volumetric moisture contents have been measured since 1988 
with a neutron probe. Calibration curves were established for 
the different,soils to provide an accurate conversion of 
neutron counts ratio into volumetric moisture content (Table 
3). Therefore, the volumetric moisture content could be used 
to predict the saturation status for these soils. 
During the study period, the annual volumetric water 
content (Table 4) shows that the soils on the lower landscape 
positions have a higher water content compared to the soils 
on higher landscape positions. There is a uniform volumetric 
water content trend observed at the lower depths of Knoke and 
Canisteo profiles. During the drought years of 1988 and 1989, 
i 
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Table 3. Linear regression equations for volumetric water 
content with count ratio 
Soil Series Simple Corr. Linear Regression Equation 
Coefficient 
Clarion 0.98 ev = 1.17 + 18.19X 
Clarion 0.91 ev = 5.50 + 15.65X 
Nicollet 0.91 ev = 5.73 + 15.75X 
Knoke 0.93 ev = 4.71 + 15.93X 
Canisteo 0.96 6v = 4.78 + 16.02X 
ev = Volumetric Water Content 
X = Neutron Count Ratio 
the average volumetric water content of the upper horizons 
(22-100 cm) were lower in the soils on higher landscape 
positions as compared to soils on lower landscape positions 
(Table 4). Higher clay contents in the upper 50 cm of soils 
and shallow water table in the lower landscape positions 
contribute to a high water content. 
The water table is generally considered to be the upper 
part of the zone of saturation (Spangler and Handy, 1982). 
There is evidence that, even though the water table drops to 
a greater depth in the soils on higher landscape positions, 
the upper part of the zone of saturation does not correspond 
to the measured water table. For instance, the Clarion soil 
on the summit (Figure 9a) shows all pore spaces are 
filledwith water at 1.9 m, whereas the water table is at a 
greater depth. Gillham (1984) explained the zone of 
Table 4. Average volumetric water content at various depth during 1988-1990 
Depth Clarion Clarion Nicollet Knoke Canisteo 
(cm) (Summit) ( Shoulder) (Backslope) (Depression) (Toeslope) 
Average volumetric water content (%) of 1988 
22-54 21.8 23.6 25.3 27.9 29.2 
54-114 19.9 23.8 27.2 30.5 32.1 
114-154 25.4 27.7 30.5 32.4 32.8 
154-205 27.9 29.1 30.2 30.5 30.6 
to 
Average volumetric water content (%) of 1989 <» 
22-54 22.2 24.3 25.4 . 29.2 30.4 
54-114 18.5 22.8 25.9 30.5 31.2 
114-154 25.2 27.6 30.8 32.4 32.5 
154-205 28.5 29.0 30.3 30.2 30.4 
Average volumetric water content (%) of 1990 
22-54 27.3 27.8 29.8 32.1 33.5 
54-114 25.6 27.6 31.0 32.8 33.3 
114-154 28.2 30.5 31.5 32.7 32.7 
154-205 29.0 29.8 29.6 30.2 30.5 
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saturation above the water table as a tension saturated zone 
(capillary fringe). Soil texture and soil structure are the 
major components controlling the thickness of the tension 
saturated zone. Gillham (1984) found that for finer geologic 
material (silt and clay) the tension saturated zone extends 
several meters above the water table. He also suggested that 
the tension saturated zone has little or no additional 
storage capacity, and if it extends to the ground surface, a 
small amount of precipitation can cause a large and rapid 
rise in the water table. Volumetric water content of the 
Canisteo soil coincides with the depth of the water table, 
but does not show any effect of the tension saturated zone 
(Figure 9b). The moderate subanguler blocky structure in the 
B horizon of the Canisteo soil (Appendix A) may contribute to 
large pore sizes. As a result the tension saturated zone was 
not prominent. In contrast, the Clarion soil at a depth of 2 
meters has fine fractured weathered till. Barari and Hedges 
(1985) found similar trend in south eastern South Dakota. 
They concluded that a major portion of groundwater discharge 
from weathered till is upward movement by capillary action 
and evaporation through the numerous cracks and fractures 
present in the weathered till. 
The differences in the structural configuration played 
an important role for the presence or absence of the tension 
saturated zone. The presence of soil structure greatly 
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affects the unsaturated zone behavior by increasing the range 
of the pore sizes by several order of magnitudes. Larger pore 
spaces between aggregates decrease the capillarity compared 
to massive condition of soils which is dominated by very fine 
fractures. 
Significance of Redoximorphic Features 
As discussed in the introduction, there is a 
relationship between soil morphology and the depth of 
saturation. At this site, the fluctuation of the water table 
for soils on the higher landscape positions is greater than 
for the soils on lower landscape positions. During the study 
period, the minimum depth to the water table for the Clarion 
soil on the summit position was 115 cm recorded in June, 
1984, whereas the maximum depth to the water table was 318 cm 
in September, 1985. These soils have no 3 or less chroma 
color within a depth of one meter. Just below the 1 meter 
depth many prominent light brownish gray (2.5Y 6/2) 
redoximorphic features (Table 6) were observed. During the 
investigation period, the upper part of saturated zone rose 
to approximate 1 meter for some period of time during the 
year. This situation occurred in 1987, for example, during 
normal rainfall conditions. 
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Table 5. Percentage of time soils were saturated at various 
depths during 1984-1990 
Soil 
Series 
Drainage Depth (m) 
Class 0.5-1.0 1.0-1.5 1.5-2.0 2.0-2.5 >2.5 
•% of time-
Clarion 
Clarion 
Nicollet 
Knoke 
Canisteo 
WD 
WD 
SWP 
VPD 
PD 
21 
75 
75 
11 
16 
84 
100 
100 
45 
53 
100 
100 
100 
73 
90 
100 
100 
100 
100 
100 
100 
100 
100 
WD = Well drained 
SWP= Somewhat Poorly drained 
VPD= Very poorly drained 
PD = Poorly drained 
This Clarion soil has higher chroma in the matrix and 
prominent low chroma with a few bright redoximorphic features 
at a depth 113 cm providing a positive interpretation for the 
fluctuating water table depths. The long term monitoring of 
the water table also provided similar information about the 
depth of fluctuation of the water table. Also Table 5 
provides information about the zone of saturation for the 
Clarion soil which was at a 1.0 to 1.5 meter depth for 
approximate 11 to 16 percent of the time. The morphological 
features in the Clarion soil on the shoulder position are 
Table 6. Soil matrix and redoximorphic features present in Clarion soils 
Soil Series Horizon Depth Color Redoximorphic Features 
(cm) (Moist) Frequent Rare 
Clarion A 0-30 lOYR 2/1 - -
(Summit) Bwl 30-54 lOYR 3/2 - -
Bw2 54-83 lOYR 4/4 - -
BC 83-113 lOYR 4/4 - -
CI 113-135 lOYR 5/4 2.5Y 6/2 m2pS -
C2 135-150 lOYR 5/4 2.5Y 6/2 m2p lOYR 5/6 flf 
C3 150-182 lOYR 5/4 2.5Y 6/2 m2p lOYR 5/6 flf 
Clarion A1 0-18 lOYR 2/1 - -
(Shoulder) A2 18-30 lOYR 2/1 - -
AB 30-54 lOYR 3/3 - -
Bwl 54-72 lOYR 4/4 - -
Bw2 72-110 lOYR 4/4 - -
CI 110-126 lOYR 5/4 2.5Y 6/2 c2d lOYR 5/6 fid 
C2 126-156 lOYR 5/4 2.5Y 6/2 c3p lOYR 5/6 fid 
C3 156-180 lOYR 5/4 2.5Y 6/2 c3p lOYR 5/6 fid 
^ Abundance: few (f), common (c), and many (m) 
Size: fine (1) <5 mm , medium (2) 5 to 15 mm , and large (3) >15 mm in diameter 
Contrast: faint (f), distinct (d), and prominent (p) 
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nearly the same as the Clarion soil on the summit position 
(Table 6). The water table fluctuation pattern for the soil 
on the backslope is different from the other landscape 
positions. The average water table was shallower as compared 
to the adjacent upslope sites. The Nicollet soil on the 
backslope position was intermediate in degree of development 
of the gray features, but it was very similar to the lower 
landscape position. During the course of this study, the 
depth to the average water table ranged from 100 to 156 cm. 
The presence of redoximorphic features corresponds to the 
depth to the water table in this landscape position. A dark 
grayish brown matrix (2.5Y 4/2) with common light olive brown 
(2.5Y 5/6) redoximorphic features indicate the zone of 
saturation (Table 7). The low chroma colors of the upper 
horizons of the profile are related to organic matter rather 
than saturation. 
The water table was observed approximately 21 percent of 
the time during this study at a depth of 0.5 to 1.0 m and 84 
percent of the time at 1.0 to 1.5 m depth. Below a depth of 
1.5 m the profile has been saturated (Table 5). 
The soils on the lower landscape position of the study 
site where the water table remained close to surface, 
saturated conditions prevail for a long period of time (Table 
5). In these soils water table depths were between 45 to 135 
Table 7. Soil matrix and redoximorphic features present in Nicollet 
Soil Series Horizon Depth 
(cm) 
Color 
(Moist) 
. Redoximorphic Features 
Frequent Rare 
Nicollet A1 0-35 10YR 2/1 - -
(Backslope) A2 35-55 lOYR 3/1 - -
AB 55-70 lOYR 4/1 lOYR 3/1 flfS -
Bwl 70-89 2.5Y 4/2 2.5Y 5/6 eld -
Bw2 89-106 2.5Y 4/2 2.5Y 5/6 eld -
BC 106-116 2.5Y 5/2 2.5Y 5/6 mid -
CI 116-145 2.5Y 5/2 2.5Y 5/6 m2p 2.5Y 6/8 fid 
C2 145-160 2.5Y 5/2 2.5Y 5/6 m2p 2.5Y 6/8 flf w 
® Abundance: few (f), common (c), and many (m) 
Size; fine (1) <5 mm , medium (2) 5 to 15 mm , and large (3) >15 mm in diameter 
Contrast; faint (f), distinct (d), and prominent (p) 
Table 8. Soil matrix and redoximorphic features present in Konke and Canisteo 
Soil Series Horizon Depth Color Redoximorphic Features 
(cm) (Moist) Frequent Rare 
. Knoke A1 0-20 5Y 2/1 - -
(Depression) A2 20-33 5Y 3/1 - -
AB 33-46 5Y 3/1 - -
Bgl 46-65 5Y 3/1 2.5Y 5/2 flfS -
Bg2 65-79 5Y 3/1 2.5Y 5/2 fid -
2BCg 79-106 2.5Y 5/2 2.5Y 5/6 fid -
2Cgl 106-125 5Y 5/2 2.5Y 5/6 fid -
2Cg2 125-142 5Y 5/2 2.5Y 5/6 f2d lOYR 6/8 fid 
Canisteo A1 0-22 N 2/0 - -
w 
m 
(Toeslope) A2 22-37 N 2/0 - -
AB 37-61 N 2/0 lOYR 3/1 flf -
Bgl 61-83 5 Y 5/2 lOYR 3/1 mid lOYR 4/4 flf 
2Bg2 83-103 5Y 5/2 lOYR 5/4 mid lOYR 4/4 flf 
2BCg 103-120 5Y 5/2 lOYR 5/8 mlp -
2Cgl 120-135 5 Y 6/2 lOYR 5/4 mlp -
3Cg2 135-165 5Y 6/2 lOYR 5/4 eld -
3Cg3 165+ 5Y 6/2 lOYR 5/4 m2p -
® Abundance: few (f), common (c), and many (m) 
Size: fine (1) <5 mm , medium (2) 5 to 15 mm , and large (3) >15 mm in diameter 
Contrast: faint (f), distinct (d)and prominent (p) 
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cm. Soils have yellow 5Y hue, or neutral, chromas of many 
horizons which were less than 2 (Table 8) and distinct or 
prominent redoximorphic features present. The average depth 
to the water table of Knoke is shallower as compared to the 
Canisteo soil. The water table of the Canisteo soil is 
controlled by the tile drain. In addition the relative high 
pH, and high base saturation near the surface indicate a low 
degree of leaching and perhaps a net upward movement of water 
in lower landscape positions (Section 3). 
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SUMMARY AND CONCLUSION 
The depth to the water table in each soil is a function 
of annual precipitation and landscape position. It has been 
demonstrated that the depth to the water table related to 
amount of precipitation and évapotranspiration. A general 
relationship exists between the amount of annual 
precipitation and depth to the water table. 
Volumetric water contents determined by the neutron 
probe were a useful tool to measure saturation status. A 
tension saturated zone was recognized above the water table 
in the soils on higher landscape positions, whereas near 
saturation above the water table was observed in the soils 
downslope. The differences in the structural configuration 
played an important role for the presence or absence of the 
tension saturated zones. 
The redoximorphic features commonly are correlated with 
the fluctuating depths of the present day water table. Hue 
and chroma are related to the length of saturation. Poorly 
drained soils such as Knoke and Canisteo have the lowest 
chroma overall. Hue have changed from lOYR in well drained 
Clarion to 2.5Y in adjacent somewhat poorly drained soils 
(Nicollet) and 5Y in poorly drained (Knoke and Canisteo) 
soils, respectively. These color changes are related to 
removal of free iron (Section 3). 
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The nature of redoximorphic features is frequently used 
as an essential properties for soil classification and soil 
survey interpretation. Redoximorphic features have been used 
as key morphological features for the interpretation of soil 
drainage conditions. In this study, the redoximorphic 
features observed in soils at different landscape positions 
are related to the present day's water table. Although there 
is a general relationship between water table and soil 
morphology, such relationships vary according to the regional 
climate, nature of the parent material, stratigraphy, and 
many other factors. While soil redoximorphic features are the 
most easily observable signature of water table fluctuation, 
other accessary criteria such as landscape positions, soil 
physical properties, and the nature of the water table should 
be used as additional evidence for future land use decisions. 
This study may furnish a better understanding of 
different drainage class-water table relationships in this 
region. The apparent drainage condition and the redoximorphic 
features may contribute to the testing and clarification of 
Soil Classification and Soil Taxonomy. 
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SECTION 2. MINERALOGICAL COMPOSITION OF SELECTED MOLLISOLS 
DEVELOPED FROM GLACIAL TILL AND TILL-DERIVED 
SEDIMENTS 
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ABSTRACT 
Mineralogical composition of selected soils of the 
Clarion catena of central Iowa was investigated. The 
objectives of this study were to determine the abundance and 
distribution of sand and associated mineralogy, clay 
minerals, and trace elements of selected Mollisols. 
Particle-size was determined by pipette; sand mineralogy 
by pétrographie techniques and heavy liquid separation; 
carbonate by use of the Chittick apparatus; Clay minerals by 
XRD and trace elements by XRF. 
Light minerals in the sand fractions were mainly quartz, 
feldspar, chert, and mica. Garnet, hornblende, rutile, 
zircon, tourmaline, epidote, kyanite, staurolite and small 
portion of opaque minerals were present in the heavy mineral 
fractions. There is a considerable difference in the presence 
of heavy minerals among soils at the study site. There were 
no profound differences in the light mineral composition. 
Clay minerals composition (smectite, mica, kaolinite, 
and hydroxyl-interlayered minerals) was very similar among 
the soils except for the presence of goethite in the B 
horizon of the Clarion soil on the summit position. 
The soil samples analyzed demonstrate the effect of 
topographic positions and local micro-environments on the 
distinctive mineralogical signature. 
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INTRODUCTION 
This study was undertaken to identify the minerals in 
several soils developed from glacial till and till-derived 
materials of central Iowa. Five soil series from the Clarion 
catena included in this study are located on different slope 
elements. The parent materials are generally derived from 
Wisconsinan glacial till or till-derived sediments. Little is 
known about their mineralogical compositions and degrees of 
weathering. 
The identification and nature of minerals may provide 
valuable information on the geological origin of soil parent 
material (Somasiri et al., 1971) and on degree and process of 
soil formation (Birkeland, 1984). The content of organic 
matter and the presence of secondary minerals contribute to 
the different morphological features of soils (Schwertmann, 
1985). The amount and types of mineral are also substantial 
properties in ascertaining lithological discontinuities. 
Excellent reviews of many other important roles of minerals 
present in soil can be found in the literature (Allen and 
Hajek, 1989; Allen and Fanning, 1983). 
Soils of the Clarion catena are Mollisols and a mollic 
epipedon is the one feature essential for placement in the 
order category in the Soil Taxonomy. The profile morphology, 
as well as mineralogy of Mollisols, are extremely divergent 
(Fenton, 1983). Therefore, the objectives of this study were 
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designed to assess the mineralogical status of the soils from 
the Clarion catena and to utilize the results for determining 
the uniformity of parent material, degree of profile 
development, and to evaluate the effects of varying moisture 
regimes on soil mineralogy. 
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MATERIALS AND METHODS 
The soils samples used in this study were described in 
the previous section. Particle-size distribution for each 
soil sample was determined by the pipette method outlined by 
Kilmer and Alexander (1949) and modified by Walter et al. 
(1978). The carbonate-bearing minerals (calcite and dolomite) 
were determined in the <2.0 mm size fractions by using the 
Chittick apparatus (Boellstorff, 1978). 
The soil samples were fractionated into coarse fractions 
(>62.0 jum) and fine fractions (<62.0 /im) using the wet 
sieving methods. Mineralogical analyses were made on the fine 
sand fraction (250-62 fim) and clay fraction (<2 fim) . The fine 
sand fraction was selected for mineralogical study. It 
contained all the heavy minerals species in the samples and 
was readily identified (Bateman and Catt, 1985). Also, the 
fine sand fraction has better optical resolution. The 
separation of light and heavy minerals was carried out using 
bromoform (Sp. gr. 2.85) and both light and heavy fractions 
were then mounted on microscopic slide with Canada balsam 
(Sarin, i960). A magnetic mineral suite separation was made 
on the heavy mineral fraction to aid in differentiation of 
the opaque minerals. A bar magnet was used to separate the 
magnetic mineral. The light and heavy minerals were 
identified by use of the Zeiss Polarizing pétrographie 
microscope. The content of light and heavy minerals is 
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expressed in approximate percentage of the total number of 
grains on a slide, based upon the examination of 300 to 400 
grains. 
The clay particles were separated from the silt 
particles by the sedimentation method. A centrifuge was used 
to separate the clay into two fractions, the coarse clay with 
diameter of 2.00 to 0.2 nm and fine clay with diameter less 
than 0.2 jum. The clay fractions were further treated and used 
to make the following oriented slides: Mg-saturated, Mg-
saturated and glycol-solvated, K-saturated, K-saturated and 
heated to 350°C and 550°C following the procedure outlined by 
Jackson (1979). 
Identification of the oriented clay minerals was made 
with a Siemens D500 x-ray diffractometer using nickel 
filtered Cu Ka radiation. The diffractometer was computer 
controlled via an LC500 interface and a PDF 11/23 
microcomputer. The diffractometer was equipped with medium 
resolution slits and it was operated in a step-scan mode. The 
diffractograms were interpreted according to standard methods 
in the literature (Wilson, 1987; Brindley and Brown, 1980). 
X-ray fluorescence spectrometry (XRF) was used to 
identify and quantify selected elements present in the soil 
samples. A Seimen SRS-200 sequential x-ray spectrometer was 
used. Schlorholtz and Demiral (1987) described the technical 
details of the quantitative routines that have been utilized 
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at the MARL (Material Analysis and Research Laboratory) 
Iowa State University. 
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RESULTS AND DISCUSSION 
Particle Size Distribution 
Particle-size analyses were made to determine the 
textural composition of the soils. Selected data are provided 
in Table 1. The particle-size distributions of transition 
horizons are not included in this table. Sand and clay 
minerals were identified from selected horizons of soil 
profiles. Detail of the particle-size distributions can be 
seen in Figures 1 to 5. 
The depth distributions of sand, silt, and clay among 
the different landscape positions are diverse. Textural class 
of the samples ranged from clay loam to loamy sand. The soils 
on the summit, shoulder, and backslope positions have 
generally uniform texture (Figures la, 2a, and 3a). However, 
on the lower landscape positions, soils such as Knoke and 
Canisteo show evidence of stratification of fine-textured 
sediments and sand (Figures 4a and 5a), sufficient to 
indicate definite lithologie discontinuities. Relatively high 
amount of sand are present in the sola of the Knoke and 
Canisteo soils. The range in sand content of the Knoke and 
Canisteo soils are greater than the typical amount given in 
the official series descriptions. 
The distribution of clay indicates there had been some 
translocation in the Clarion soil on the summit and shoulder 
positions. The fine clay distribution (Figure lb and 2b) 
Table 1. Selected particle size distribution of soils 
F.Sand + 
Landscape Horizon Depth Sand Silt Clay F. Clay V.F. Sand 
element (cm) (%) (%) (%) (%) (%) 
Clarion 
A 0-15 36.3 38.2 25.5 13.6 13.6 
Summit B 30-54 35.0 35.6 29.4 17.0 21.3 
C 150-182 46.3 31.6 22.1 6.0 26.4 
Clarion 
A 0-18 37.2 37.4 25.4 14.4 20.6 
Shoulder B 54-72 46.5 28.1 25.4 13.4 26.8 
C 156-170 50.4 32.7 16.9 5.4 28.5 
Nicollet 
A 0-15 34.3 40.0 25.7 13.2 19.9 
Backsope B 66-74 47.8 29.0 23.5 13.3 25.0 
C 116-145 51.5 30.5 18.0 6.4 30.5 
Knoke 
A 0-20 18.2 49.5 32.3 7.2 11.3 
Depression B 46-79 25.2 42.7 32.1 19.0 14.2 
C 106-125 52.4 32.3 15.3 8.4 29.4 
Canisteo 
A 0-22 18.1 47.8 34.1 4.4 12.4 
Toeslope B 61-83 32.4 38.8 28.8 16.2 15.4 
C 135-165 52.9 32.2 14.9 3.3 28.6 
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indicate that fine clay has been translocated in these soils. 
The data indicate that some clay has migrated though not to a 
degree significant for the recognition of an argillic 
horizon. Also clay skins were not observed during the field 
examination of soils. 
The distributions of clay in soils in depression and 
toeslope positions were different from those in soils on 
higher landscape positions. The amount of clay in the surface 
horizons was higher compared to soils upslope. The depth 
distribution of fine clay was different from the total clay 
distribution (Figures 4b and 5b). These soils have an erratic 
depth distribution of fine clay which could be a function of 
stratification rather than pedogenic processes. 
Similar trends were observed by other researchers. 
Cardoso (1957) found that total clay in the surface horizon 
of soils of the Clarion catena increased as natural drainage 
changed from well to poor. Walker (1966) further elaborated 
on this relationship by suggesting that material which was 
eroded from upslope was transported downslope. The degree of 
sorting increased with distance from the summit to the toe-
slope. The poorly drained soils, as a result, were formed in 
stratified sediment which was finer textured than the till in 
which the well drained soils formed. 
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Sand Mineralogy 
In the fine sand fraction (250-62 jum) , the percentage of 
light minerals did not change within a soil profile or among 
landscape positions (Table 2). The weight percentage 
Table 2. Major mineral distribution in the fine sand fraction 
(250-0.62 jum) present in the Clarion catena soils 
Slope Soil Light Heavy Magnetic 
Element Type Horizon Mineral Mineral Mineral 
% 
A 97.81 1.80 0.39 
Summit Clarion B 97.97 1.60 0.43 
C 97.31 2.20 0.49 
A 97.95 1.69 0.36 
Shoulder Clarion B 98.21 1.43 0.36 
C 96.97 2.58 0.45 
A 98.16 1.47 0.37 
Backslope Nicollet B 98.26 1.41 0.33 
C 97.92 1.74 0.34 
A 98.02 1.78 0.20 
Depression Knoke B 98.71 1.17 0.12 
C 98.48 1.36 0.16 
A 98.23 1.57 0.20 
Toeslope Canisteo B 98.57 1.33 0.10 
C 98.46 1.33 0.21 
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indicates that the heavy and magnetic mineral fractions 
changed in relative abundance from one horizon to other in 
the profile as well as among landscape positions. 
In general, soils on the upper landscape positions have 
a relatively higher content of heavy and magnetic mineral 
fractions as compared to the soils on the lower landscape 
positions. The distribution of such minerals on the backslope 
position is intermediate. In the previous section the 
morphological features of these soils have been described. 
The gray matrix colors of Knoke and Canisteo (Section 1) on 
the lower landscape positions could be due to long term 
saturation due to higher water table and apparent reduction 
of ferromagnesian and other Fe and Mn containing minerals 
present in these soils. Partial removal of such minerals may 
account for a low percentage of heavy and magnetic minerals 
in the soils of lower landscape positions. 
Mineralogical Analyses 
Light and heavy minerals recovered from soil samples by 
conventional techniques revealed certain significant 
mineralogical and morphological characteristics associated 
with several soil profiles in the Clarion catena. These 
properties are described in the following paragraphs. 
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Light Minerals 
Light minerals in the soil samples analyzed include 
quartz, chert, mica, microcline, orthoclase, and plagioclase 
feldspars. The following values of light minerals are not 
absolute percentages. They were estimated from visual 
•observation. In most instances, quartz is the dominant 
constituent averaging between 70-80 percent of the light 
mineral fraction. Quartz texture has almost every kind of 
variation in terms of size and sorting as well as inclusion 
patterns. Derivation of quartz from heterogeneous parent 
material is reflected in the type of inclusions present in 
individual grains. Quartz with bubble/water inclusions 
(Figure 6a) suggest its ultimate derivation is from 
hydrothermal and pegmatite igneous sources. 
The abundance of mono compared to polycrystalline quartz 
grains seems to be related to the degree of weathering and 
local microchemical conditions. In general, the abundance of 
polycrystalline quartz is depleted in near surface or 
carbonate-free B horizons. Polycrystalline quartz, being more 
susceptible to chemical weathering at or near the surface, 
shows a striking diminishing trend as compared to the lower 
horizons of the soil profile. On the contrary, 
monocrystalline quartz is apparently able to withstand the 
rigors of weathering because of its crystal strength. It 
Figure 6a. Well rounded quartz grain with fluid 
inclusion in the Clarion soil (Length 150/i) 
Figure 6b. A highly weathered chert from A horizon of the 
Nicollet soil (Length « 75/1) 
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remained relatively uniform in abundance throughout the 
profile. 
Potassium (mostly microcline) and plagioclase 
(undifferentiated) feldspars (Figure 7) are the main feldspar 
types identified in all the samples analyzed. However, 
plagioclase feldspar shows a slightly higher amount in soils 
on lower landscape positions. This could be ascribed to the 
initial higher percentage of these minerals in the till 
sediment. Also, considering the landscape positions, it seems 
logical to predict this apparent variation since lower 
landscape positions, such as the depression and toeslope, are 
generally characterized by depositional rather than erosional 
features. Therefore, these minerals may have been transported 
from upslope and deposited in these positions. 
Chert (Figure 7b) was the most weathered mineral and 
present in small amount in all soil samples analyzed. It 
follows a general diminishing trend when traced down the 
solum and downslope. Muscovite and biotite are equally 
abundant in the soils of the Clarion catena. However, 
individual proportions vary within the profile. Muscovite is 
the most dominant mica identified in the Clarion soil. 
In general, a similar trend in the abundance and 
behavior of the lighter members in the samples indicate time-
integrated enrichment of stable (quartz and K-feldspar) 
constituents over less stable components (plagioclase-
; 
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Figure 7a. Irregular crystal of plagioclase feldspar with 
lamellar twinning and incipient weathering in 
the Clarion soil (Length « 100 n) 
Figure 7b. Microcline showing cross-hatched twinning and 
incipient weathering phenomena along the 
twinning of the Nicollet soil (Length « 150/li) 
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feldspar, chert, and biotite). Local variation in relative 
abundance of light minerals can be attributed to slight 
changes in the degree of weathering, seasonal water table 
fluctuations, and perhaps dilution from nearby sources. 
Heavv Minerals 
The sand fractions analyzed are characterized by a 
diverse and rich assemblage of heavy minerals including 
garnet (both colorless and pink types), hornblende (both 
green and brown types), epidote, kyanite, pyroxene, 
staurolite, zircon, and tourmaline (Table 3). Opaque minerals 
constitute an average of 6-16 percent of the heavy minerals 
suite. 
Garnet and hornblende (64-79%) constitute the dominant 
heavy mineral fractions of all the soil samples analyzed. The 
proportion of individual heavy minerals varies among the 
horizons of the soil profile as well as different landscape 
positions. 
Green and brown varieties of hornblende (25-44%) were 
identified. There was a green variety (Ca, Mg, and Fe rich) 
showing green to greenish brown pleochroic colors, a brown 
(Fe-rich basaltic) variety showing brown to pale brown 
pleochroic colors and a weathered brown variety showing very 
weak pleochroism. The amount of green hornblende varied 
slightly among the soils. The brown variety gradually 
Table 3. Selected heavy minerals distribution of soils 
Soil Horizons Garnet Hornblende 
Brown Green 
Clarion 
Stable* 
A 
B 
C 
38.0 
36.0 
35.0 
5.0 
6 . 0  
7.0 
36.0 
33.0 
37.0 
7.0 
8 . 0  
8 . 0  
Opaque 
10.0 
8.0 
10.0 
Others' 
4.0 
9.0 
3.0 
Clarion 
A 
B 
C 
36.0 
34.0 
35.0 
4.0 
10.0 
5.0 
37.0 
31.0 
30.0 
9.0 
8 . 0  
9.0 
6.0 
12.0 
10.0 
8 . 0  
5.0 
11.0 
Nicollet 
A 
B 
C 
37.0 
34.0 
35.0 
3.0 
4.0 
4.0 
27.0 
32.0 
31.0 
9.0 
9.0 
8 . 0  
15.0 
12.0 
12.0 
9.0 
9.0 
id.o 
(7t 4k 
Knoke 
A 
B 
C 
40.0 
40.0 
32.0 
3.0 
3.0 
3.0 
27.0 
29.0 
32.0 
5.0 
6 . 0  
8 . 0  
16.0 
12.0 
13.0 
9.0 
10.0 
12.0 
Canisteo 
A 
B 
C 
40.0 
38.0 
33.0 
2 . 0  
3.0 
3.0 
30.0 
29.0 
31.0 
4.0 
5.0 
8 . 0  
14.0 
14.0 
12.0 
10.0 
11.0 
13.0 
* Zircon, Rutile and Tourmaline. 
* Staurolite, Epidote and Kyanite. 
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decreased toward lower landscape positions (Table 3). 
Relative abundance of green hornblende and brown hornblende 
vary within individual as well as between different landscape 
positions thus suggesting physicochemical control on 
hornblende fractions. All the varieties of hornblende 
minerals showed evidence of weathering. The green varieties 
are slightly rounded and have cloudy alteration products on 
their margin (Figure 8a). Also highly weathered serrated 
edged brown hornblende grains (Figure 8b) were observed on 
higher landscape positions. The systematic behavior of green 
vs brown hornblende furthermore indicates a relatively 
proximal situation of the soil horizons and water table 
conditions. In general, a higher abundance of green 
hornblende and a gradual decrease of brown hornblende were 
found in the lower landscape positions. This trend suggests a 
considerable difference in stability of brown hornblende as a 
function of reduced condition. 
Garnet is relatively common («33-40%) among the heavy 
minerals in these samples (Table 3). Most of the garnet 
grains were unmarked (Figure 9a) in the unleached horizons of 
the soil profile whereas garnet from the carbonate-free 
surface horizons has chatter mark impressions (Figure 9b) 
which are an indication of progressive pedochemical 
weathering of the mineral (Bateman and Catt, 1985). Organic 
acid formed near the surface of soil, preferentially left 
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Figure 8a. Anhedral green hornblende showing weathering 
effect along or across the grain in Clarion 
soil (Length « 120/x) 
Figure 8b. Heavy weathered serrated edged brown 
hornblende in the B horizon of the Clarion 
soil (Length « 100#) 
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Figure 9a. Well fractured colorless to slightly brownish 
garnet in Canisteo soil (Length « lOOju) 
Figure 9b. Pink garnet showing chatter-marked and pitted 
structure in the A horizon of the Clarion 
soil (Length « lOO/x) 
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chatter-marked impression on pink garnet (Mg, Mn, and Fe-
rich). On the average, pink garnets were slightly more 
weathered compared to colorless garnets (Ca-rich) from the 
same profile. This strongly suggested higher susceptibility 
to weathering of the pink garnet in acid environments. 
Bateman and Catt (1985) observed similar features in heavy 
minerals in five soils from the English Coverssand. 
Generally, garnet increased in percentage in the solum 
because of the depletion of other minerals, especially 
minerals like hornblende and pyroxene. The distribution of 
different kinds of garnet in the soils on lower landscape 
positions does not vary as in the soils on higher landscape 
positions. 
Among the stable heavy mineral components, zircon, 
rutile, and tourmaline (< 9%) were identified. Individual 
mineral's morphological features can be found following 
Figures 10a, 10b, and 11a. The distribution of zircon, 
rutile, and tourmaline is as follows: The upper portions of 
landscape and backslope positions have uniform distribution 
of resistant minerals in the soil profiles. However, the 
soils in depression and toeslope positions material have 
fewer of these minerals. 
Also, staurolite, epidote, and kyanite were identified 
at this site. They are present in relatively lesser amounts 
(< 13%) as compared to the other heavy minerals. Minerals in 
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Figure 10a. Euhedral zircon grain showing internal zoning 
feature characteristics of plutonic 
contribution (Length « 100/Lt) 
Figure 10b. Anhedral to subhedral grain of rutile showing 
intense zoning inside which suggested 
plutonic source (Length « 125/Lt) 
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1' 
Figure lia. Well rounded brown tourmaline with inclusion 
in the B horizon in the Canisteo soil 
(Length « 120/u) 
Figure lib. Relatively fresh grain of kyanite with 
broken cleavage (Length « 200/1) . 
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this group occur erratically in the soil profiles along the 
landscape (Table 3). 
There are considerable differences in the presence of 
certain heavy minerals in the sand fractions. The presence of 
a shallow water table in soils on lower landscape positions 
may have influenced the weathering of iron bearing heavy 
minerals in the sand fractions. Also the differences may be 
due to nonuniform weathering rate, heterogeneity within 
parent material, varying moisture regimes, and movement and 
sorting of different particle size during erosion and 
transportation along the landscape. 
Carbonates and Selected Trace Elements 
The following section will include the depth 
distributions of carbonate minerals, titanium (Ti) and 
zirconium (Zr). 
Carbonate 
Carbonate bearing minerals such as calcite and dolomite were 
determined by use of the Chittick apparatus. The distribution 
of calcite and dolomite follows a general trend. In soils on 
the higher landscape positions such as on the summit and 
shoulder (Clarion Soils), calcite and dolomite were in the C 
horizon only (Figure 12a and 13a), whereas in the Nicollet 
soil on the backslope, carbonates are in the BC horizon 
(Figure 14a). In soils in the depression and toeslope, 
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carbonates were present in the entire profile (Figure 15a and 
16a) . 
At each landscape position, the C horizon of the profile 
appear to be less affected by the processes of dissolution 
and precipitation. The calcite/dolomite ratio is initially 
lower in the Clarion and Nicollet soils, then increases to a 
constant ratio (Figures 12b-14b). The calcite/dolomite ratio 
in the Knoke and Canisteo is different than in the above 
soils. This ratio is higher in the surface horizon of Knoke 
and Canisteo soils and then gradually decreases at lower 
depths in the profiles. 
It is evident that the calcite content of the surface 
horizons of Canisteo and Knoke is greater than the dolomite 
content. The explanation probably is related to a high water 
table status in these soils which contributes to the higher 
concentration of soluble Ca** and HCO3" ions. Due to 
évapotranspiration, these ions precipitate as calcite 
(Birkeland, 1984). Dolomite also precipitates when Mg** is 
incorporated into the soil geochemical system. Precipitation 
of these minerals from solution is largely controlled by 
their solubilities. Also the formation of the specific 
mineral is dependent upon the concentration of COg in the 
water as well as a complex geochemical process. 
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Figure 15. A. Depth distributions of calcite (A), dolomite (#), calcium 
carbonate equivalent (A), and calcite/dolomite ratio (•) . 
B. Ti (A), Zr (•), carbonate free Ti (A), carbonate free Zr 
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Figure 16. A. Depth distributions of calcite (A), dolomite (#), calcium 
carbonate equivalent (A), and calcite/dolomite ratio (•) . 
B. Ti (A), Zr (•), carbonate free Ti (A), carbonate free Zr 
(o) and Ti/Zr ratio (•) in Canisteo (toeslope) 
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Selected Trace Elements 
To test the uniformity of the parent material the 
amounts of Ti and Zr were determined by XRF. In order to 
provide the most reliable estimation, the whole soil sample 
(<2.00 mm) was used. Smeck and Wilding (1980) suggested the 
use of the whole soil fraction because recent works by 
Khangarot el al. (1971) and Drees and Wilding (1978) 
suggested that significant quantities of such elements occur 
as micro-occlusions of primary minerals within host quartz 
and feldspar grains or they proxy for other metallic ions in 
the silicate minerals. 
The depth distributions of Ti and Zr and their ratio 
(Figures 12b-14b) in soils on the summit, shoulder, and 
backslope positions show a gradual decrease in Ti and Zr with 
depth. The ratio of Ti and Zr varies from 1.45 to 1.94. The 
depth distribution of these elements in soils in the 
depression and toeslope positions (Figure 15b and 16b) shows 
a different trend compared to soils upslope. The ratio of 
Ti/Zr is erratic. These soils have the ratios ranging from 
1.56 to 2.62. It was assumed that a dilution effect may have 
occurred due to the presence of carbonate in these soils. 
Therefore, the amounts of Ti and Zr were recalculated on a 
carbonate free basis (Figure 14b and 15b). These results 
showed that the amount of Ti and Zr are still relatively 
lower compared to the soil profiles from higher landscape 
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positions. Ti has a range of 229 to 486 mg kg'^  and Zr ranges 
from 174-265 mg kg"^  in the Clarion and Nicollet soils 
whereas Knoke and Canisteo have Ti contents ranging from 221-
472 mg kg'^  and Zr contents ranging from 110-258 mg kg'^ . The 
total amount of Zr was less in the subsurface horizons of 
Knoke and Canisteo soils because of significant amounts of 
sand size particles present in these horizons. 
The presence of higher amount of sand contributes to 
more quartz and feldspar minerals being present in these 
soils. Khangarot et al. (1971) and Drees and Wilding (1978) 
suggested that a significant amount of Ti (50-70%) and Zr 
(20-50%) occur as inclusion in the primary minerals such as 
quartz and feldspar. Such disproportionate contributions of 
Ti and Zr may cause a higher ratio of Ti and Zr in the part 
of the sola of Knoke and Canisteo. It was also observed 
during the microscopic study of heavy minerals that rutile, 
zircon, and other heavy minerals were present in lower 
amounts in the sola of Knoke and Canisteo soils (Table 3). 
Clay Minerals 
The clay mineralogy was determined by x-ray diffraction 
of the whole clay fraction. In addition, clays were treated 
with citrate bicarbonate dithionite (CBD) for elimination of 
free iron oxides. Fine clay (< 0.2 /im) fractions were 
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separated from coarse clay and used for x-ray diffraction 
analysis. 
Smectite, mica, kaolinite, and hydroxyl-interlayered 
minerals were the clay minerals identified in the soils. In 
all the soils, smectite was the dominant clay mineral. 
Although the mineralogical composition does not differ 
significantly in the clay fractions within each profile, the 
peaks of smectite are higher and sharper than the other clay 
mineral present. This may indicate the presence of smectite 
in large amounts, better crystallinity, or both. 
The smectites are presumably inherited components of the 
parent material, a significant amount of which can be found 
in the C horizons of the soil profiles. The smectite which 
appears as allogenic minerals (1.7-1.8 nm) upon glycolation 
(Figure 17 and 18), exhibited more expansion compared to 
authogenic smectite (1.5-1.6 nm). Pawluk (1961) reported 
similar results for Gray Wooded soils developed from glacial 
till. 
Mica, kaolinite and hydroxyl-interlayered minerals 
compose the remainder of the clay mineral suite. There were 
no detectable vermiculite and chlorite minerals present in 
these soils. A quartz peak was identified but it could not be 
determined if it was from the clay fractions or background 
reflection from the tile. A blank tile had a very sharp peak 
for quartz at 0.426 nm and 0.334 nm (Figure 19). 
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Figure 19. X-ray diffractogram of a blank tile 
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X-ray diffractions of the clay in all the soils indicate 
that mica is next in abundance after smectite. This mineral 
increases slightly with depth especially in the sola of the 
profiles in the higher landscape positions. The higher amount 
of mica is presumably an inherited component of the parent 
material. In soils on lower landscape positions, a diffuse 
mica peak was observed in B horizons (Figure 18) whereas a 
sharper peak for mica was present in the C horizons. The 
diffuse peak for mica could be due to reworked material in 
the sola of the Knoke and Canisteo. Multi-cycle of weathering 
and frequent wetting and drying due to fluctuating high water 
tables, may have caused mica to disintegrate. 
Hydroxyl-interlayered minerals were present in all 
soils, but the nature of these mineral complexes varied 
considerably. Specific identification was uncertain because 
of the broad x-ray diffraction peaks and generally impeded 
collapse of the hydrated layers on heat treatment. The 
reflection of hydroxy-inter1ayered mineral was most prominent 
in the surface and relatively constant with depth. Similar 
depth trends for such minerals have been reported by other 
authors (Carlisle and Zelazny, 1973; Bryant and Dixon, 1965). 
Fine Clay 
Subsample of fine clay were treated with citrate 
bicarbonate dithionate to remove free iron oxides. 
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Differential x-ray diffraction (DXRD) was used to determine 
the kind of iron oxides minerals according to the method 
described by Schulze (1981). 
As an overall result, the mineralogical composition of 
clay is very similar among the horizons (Figure 20 and 21) of 
the five profiles except for the B horizons in the Clarion 
soil on the summit. Goethite (0.418 nm) was identified in the 
fine clay of the B horizon of this Clarion soil (Figure 20). 
Goethite was the only iron oxide mineral observed in the B 
horizon of the Clarion soil on the summit position. 
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SUMMARY AND CONCLUSION 
An investigation was made to determine the 
identification and distribution of minerals in the fine sand 
(250-62 |im) and clay (<2.0 fim) particles of five different 
Mollisols from the Clarion catena. The particles were 
fractionated by use of wet sieving and pipette methods. The 
heavy minerals were separated quantitatively in bromoform. 
The magnetic mineral fractions were separated by using a hand 
magnet. 
The mineral species of sand fractions were identified by 
use of the pétrographie microscope. Quartz was the most 
abundant mineral in soils on all landscape positions arid in 
every situation feldspar was the most common mineral in the 
light mineral suite. The plagioclase feldspars had weathered 
much more extensively in soils on the higher landscape 
positions as compared to the lower landscape positions. The 
heavy mineral fractions of sand are made up primarily of the 
silicate minerals such as hornblende and garnet with stable 
minerals such as zircon, rutile, and tourmaline. 
The presence of fractured grains throughout the entire 
profile indicated that fractures were present at the time the 
glacial till was deposited. Most of the fracturing probably 
resulted during the transport of the material by glacial 
action. 
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The overall clay mineralogy of soils on different 
landscape positions is quite uniform, the principal exception 
being the presence of goethite in the B horizon of the 
Clarion soil on the summit. Surface horizons contain a higher 
amount of hydroxyl-interlayered minerals as compared to the 
subsurface horizons in each soil. Smectite is the dominant 
clay mineral in all the soils studied. Mica and kaolinite 
were present in smaller amount. A reciprocal relationship 
between decreasing mica contents and increasing contents of 
hydroxyl-interlayered minerals from the surface to the C 
horizons was observed. This trend could indicate that mica 
may have been transformed to hydroxy-interlayered minerals. 
The samples analyzed demonstrate the effect of 
topographic positions as well as local micro-environment and 
the water table conditions on the distinctive mineralogical 
signatures associated with the various soil profiles in this 
Clarion catena. 
The parent material uniformity of the soils was examined 
on the basis of field observations, particle size 
distribution, mineralogy, and selected trace elements. These 
properties indicate that the parent material was rather 
uniform in the Clarion soils on the summit and shoulder 
positions. The particle- size distribution indicates that 
there were apparent lithological discontinuities present in 
90 
the Knoke and Canisteo soils. The trace elements and sand 
mineralogy support this conclusion. 
The pedological studies also indicate that the Clarion 
soils on the summit and shoulder positions are relatively 
more weathered compared to the soils downslope as revealed by 
their noncalcareous sola and presence of free carbonates at 
greater depth. Total clay and fine clay distribution and 
heavy mineral weathering support this conclusion. 
This glacial till and its sediment-derived soils are 
relatively young. It is not surprising that a perspicuous 
relationship of mineral composition of different fractions 
was observed in the members of Clarion Catena. In this case, 
we are dealing with rather subtle changes in quality, 
composition and nature of the overall minerals. Bulk 
chemistry and XRD methods can not determine the extent of 
local heterogeneities. Therefore, future research needs to 
focus on micro-analytical techniques and use of the electron 
microscope to provide more refined informations of the 
composition of minerals. 
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SECTION 3. QUANTITATIVE RELATIONSHIPS BETWEEN SELECTED 
CHEMICAL PROPERTIES AND AQUIC CONDITIONS. 
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ABSTRACT 
The variability of different forms of extractable iron, 
manganese, and aluminum throughout the profile and their 
relationship to different moisture regimes was investigated 
for soils derived from late Wisconsin till and its sediments. 
Five different soils were chosen from the Clarion catena of 
central Iowa. Selective dissolution methods were used to 
extract various forms of Fe, Al, and Mn. 
The distribution of oxides of the above elements was 
applied to the interpretation of soil drainage classes as 
well as soil moisture regimes. Aluminum distribution did not 
differ significantly among these soils. This indicates that 
it was less affected as compared to Fe and Mn by differences 
in moisture conditions. There was a pronounced decrease of 
total iron as the duration of saturation increased. With 
increased duration of saturation, Fe^  (CBD extractable iron) 
decreased and Mn^  (CBD extractable Manganese) increased. 
The quantitative ratio of Mn^ j/Fe^  with its depth 
function separated aquic moisture regime from non-aquic 
conditions among member of the Clarion catena. Therefore, • 
quantification of soil moisture regimes of the Clarion catena 
may provide a better understanding of aquic and non-aquic 
environments. 
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INTRODUCTION 
The moisture regime of soil is an important component of 
Soil Taxonomy. It plays a critical part in land use 
decisions. It has a significant role in pedogenesis and is 
responsible for many of the accessary properties of soil 
(Soil Survey Staff, 1975). There is a problem with the 
definition of aquic moisture regime and taxonomic placement 
of seasonally wet soils. Soil Taxonomy (Soil Survey Staff, 
1975) permits flexible interpretation of the aquic moisture 
regime on the basis of soil color, with emphasis on the 
mottles that have chroma of 2 or less. These features imply 
periodic or prolonged soil saturation and reduction. Moorman 
and van de Watering (1984, pp. 53-54) explained: 
In order to use the aquic regime for 
differentiation at the highest categories of the 
classification, the whole soil must be saturated 
and reduced... Soil Taxonomy, however, assigns an 
aquic moisture regime also to pedons in which only 
the lower horizons are saturated. This "lesser 
grade" wetness is recognized as a diagnostic 
feature at a much lower level of generalization; 
that of the subgroup level. 
The present U.S. classification system of soil assumes 
that the properties should be observable or measurable, and 
further, those properties which can be quantitatively 
measured are preferred to those measurements that are 
qualitative. Soil Taxonomy uses morphological (observable) 
features to designate aquic moisture regime. Many researchers 
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(Wilding and Rehage, 1985; Franzmeier et al., 1983; Ruhe et 
al., 1955) have difficulties applying this component in the 
natural soil system. 
In a recent study, Couto et al., 1985 recorded the 
weekly water table fluctuation at five sites along a high 
plateau area in the Cerrados of Brazil. They found high 
chroma color (> 4.0) in soils that were periodically 
saturated. The morphological features do not always indicate 
the oxidation and reduction status of soils (Daniels et al., 
1987; Pickering and Veneman, 1984; Vepraskas and Wilding, 
1983). 
In recent years many researchers have devoted their time 
to attempts to develop a qualitative method to determine the 
presence of ferrous iron which is related to reduced 
conditions. Childs and Clayden (1986) used a,a•-dipyridyl and 
Richardson and Hole (1979) used IN KCl solution with 1:10 
phenanthroline to recognize the presence of ferrous iron 
(Fe^ J in soil. Both methods responded to Fe^ * content when a 
soil had a substantial amount of Fe^ * present. Similar tests 
do not always respond to Fe^  ^ under reduced condition. Bouma 
(1990) stated that the negative tests for Fe^ * during period 
of saturation were reported due to factors such as (i) cool 
temperature (ii) influx of oxygenated water with frequent 
rainfall events, and (iii) low organic matter, low microbial 
population, or adverse condition for microbial growth. 
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In 1990 the International Committee on Aquic Moisture 
Regime (ICOMAQ) proposed that the term "aquic moisture 
regime" be replaced by "aquic condition" to avoid 
controversy. An aquic condition was defined by considering 
(i) redoximorphic features, (ii) saturation, and (iii) 
reduction. Redoximorphic features can be easily detected from 
a profile description and saturation can be observed by using 
a water table monitoring device or piezometer. Determination 
of reduction is difficult because many factors are involved 
in this process. 
Factors Affecting Reduction 
The reduction of iron and manganese depends on Eh and pH 
of the soil. Iron reduction is required in the proposed 
definition of aquic condition. It has been previously 
suggested that Eh and pH of submerged soils are greatly 
influenced by the amount of Fe^ * present (Takai et al., 
1963). Working with three soils, they found that Fe^ * 
appeared in solution when Eh dropped near +150 mV to +200 mV. 
Gotah and Patrick (1974) and Patrick and Henderson (1981a, 
1981b) suggested that the critical redox potential for iron 
reduction lies between +300 mV and +100 mV at pH 6.0 and 7.0 
and is near -100 mV at pH 8.0. 
During the period of saturation or flooding, oxygen may 
be rapidly depleted from the soil environment. This is 
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accompanied by significant carbon-dioxide and ammonia 
evolution, indicating intense activity of soil microorganism. 
After oxygen depletion, population of facultative anaerobes 
and strict anaerobes increase, nitrate disappears, and 
manganic, ferric and sulfate ions are reduced successively. 
It is believed that NO3, Mn (IV), Fe (III) and serve as 
electron acceptors during anaerobic respiration (Gotah and 
Patrick, 1974; Munch and Ottow, 1980). 
Studies by Decastro and Ehrlich (1970) indicate that 
differences in the degree of cïrystallinity of iron oxide are 
responsible for differential attack and reduction by 
microorganisms. Munch and Ottow (1980) found that ®'Fe-level 
amorphous oxide (oxalate soluble) were attacked in preference 
to ^ 'Fe-level crystalline oxides and thus concluded that iron 
reducing bacteria prefer non-crystalline Fe oxide over more 
crystalline counterparts as electron acceptor during 
metabolism. 
Many authors have described the order of reduction to 
proceed in a thermodynamic sequence of the electrochemical 
series (Bohn, 1985; Rowell, 1981). This would imply that 
oxidized Mn would be reduced first followed by reduction of 
oxidized Fe. However, if a substantial decrease of Eh allows 
reduction of both to occur, they will occur simultaneously 
(Bartlett, 1986). Although one can conclude that conditions 
are favorable for soluble ferrous iron and manganese 
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production, the rate and amount of production are dependent 
upon an extremely complex microbiological and chemical soil 
system and is difficult to predict (Rowell, 1981; Barlett, 
1986). 
Therefore, it was hypothesized that different forms of 
aluminum, iron, and manganese in soils would reflect the 
reducing and oxidizing environments due to fluctuating water 
table among members of the Clarion catena. Thus, the 
objectives of this research are to identify and quantify the 
different forms of these elements and relate their oxides to 
the redoximorphic features observed in pedon descriptions and 
depth and duration of water tables. A second objective is to 
examine and compare the distribution of Fe^ * and Fe^ * in the 
soils of Clarion catena and their relationship to different 
drainage conditions and different weathering zones. 
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MATERIALS AND METHODS 
Five different soils from four different drainage 
classes were chosen from the Clarion catena. The soils are 
well-drained Clarion (Typic Hapludoll, 2 sites), some-what 
poorly drained Nicollet (Aquic Hapludoll), poorly-drained 
Canisteo (Typic Haplaquoll) and very poorly-drained Knoke 
(Cumulic Haplaquoll). The water table status of these soils 
and their mineralogical compositions were reported in two 
previous sections. The soil samples were collected to the 
depth of unoxidized and unleached glacial till. The 
weathering zones were described according to Hallberg et al., 
(1978). 
Total analysis of whole soil samples was done using the 
hydrofluoric acid (HF) digestion bomb technique of Bernas 
(1968). Organic carbon was determined using the method 
developed by Mebius (1960). Cation exchange capacity (CEC) 
and base saturation were determined following Peech et al. 
(1947) method modified by the Soil Survey Staff (1984). Soil 
pH was determined by 1:1 soil to solution ratio of distilled 
water and 1:2 ratio of CaClg. 
Ferrous iron was determined on air-dry powdered and 
undisturbed soil samples. The determinations were made by the 
techniques described by Komadel and Stucki (1988) and 
Amonette and Scott (1991). 
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Iron, manganese and aluminum were extracted by the 
following methods: (i) crystalline and amorphous oxides and 
oxyhydroxides by citrate bicarbonate dithionite (CBD) at pH 
7.0 (Jackson, 1979). (ii) Amorphous oxide and oxyhyroxides by 
acidified ammonium oxalate (oxalate) at pH less than 4.0 
(Smith, 1984). (iii) Organo-complex by Na-pyrophosphate at pH 
10.0 (Smith and Mitchell, 1987). The oxides and oxyhydroxides 
will be designated as oxide, in future discussions. 
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RESULTS AND DISCUSSION 
A detailed description of morphological properties and 
the water table status of soils belonging to the Clarion 
catena were presented in the first section. The second 
section dealt with the mineralogical composition of the 
soils. Selected chemical properties of these soils are 
presented in Table 1, 2, and 3. Soil pH was determined using 
two different methods. The CaClg solution was used to mask 
the variability due to the presence of CaCOj in the soils 
(Jackson, 1973). Therefore, pH determined by CaClg would be a 
more accurate determination of the pH status of soils. The 
sola of all the soils were slightly acidic to slightly 
alkaline. In general, the pH value of the C horizons were 
alkaline. 
Organic carbon content in the surface horizons of the 
study pedons increased from the Clarion to the Canisteo. As 
expected, the cation exchange capacity and base saturation 
percentage of these soils were relatively high. The cation 
exchange capacity was higher in the surface horizons and 
gradually decreased with depth (Table 1, 2, and 3). It was 
also observed that the cation exchange capacity was higher in 
the soils on lower landscape positions as compared to the 
soils of higher landscape positions. Higher amounts of 
organic matter and clay contribute to high CEC in the 
downslope soils. Calcium was the dominant exchangeable basic 
Table 1. Selected chemical properties of the soils studied 
Landscape 
Element 
Depth 
HpO 
m 
caci. 
Organic 
Carbon 
CEC Exchanaeable Bases 
Ca Hg K Na 
Base 
Sat. 
(cm) g kg-1 % 
Clarion 
0-15 6.6 5.9 29.9 28.1 14.3 3.4 0.52 0.3 65.9 
15-30 6.2 5.2 20.0 27.7 13.5 3.0 0.13 0.2 60.8 
30-54 6.2 5.2 12.0 29.1 14.2 3.6 0.14 0.2 62.3 
Summit 54-83 6.3 5.2 4.5 28.3 13.4 4.0 0.14 0.1 62.3 
83-113 6.6 5.7 2.5 21.2 16.0 4.7 0.18 0.1 99.0 
113-135 8.0 7.4 1.8 17.1 26.1 4.6 0.17 0.1 >100" 
135-150 8.2 7.5 0.6 17.2 nd nd nd nd nd 
150-182 8.2 7.5 0.6 16.5 nd nd nd nd nd 
-
Clarion 
0-18 6.8 5.8 29.3 29.3 16.3 3.5 0.48 0.2 69.9 
18-30 6.7 5.5 17.1 27.8 14.6 3.5 0.17 0.2 66.4 
30-54 6.3 5.3 11.5 25.4 11.6 3.3 0.14 0.1 59.6 
Shoulder 54-72 6.4 5.4 6.7 20.2 11.0 3.4 0.15 0.1 72.5 
72-110 6.9 6.0 3.6 19.4 14.0 4.0 0.15 0.1 94.1 
110-126 7.7 7.5 1.3 11.3 20.1 4.2 0.16 0.1 >100 
126-156 8.2 7.5 0.6 11.5 nd nd nd nd nd 
156-180 8.2 7.6 0.4 12.1 nd nd nd nd nd 
" Presence of free calcium carbonate. 
Table 2. Selected chemical properties of the soils studied 
Landscape 
Element 
Depth 
H,0 
m  
CaCl, 
Organic 
Carbon 
CEC Exchanaeable Bases 
ca Mg K Ma 
Base 
Sat. 
(cm) g kg"' % 
Nicollet 
0-15 6.9 6.1 34.9 31.8 19.0 4.0 0.42 0.3 74.6 
15-35 6.8 5.9 21.2 30.1 . 19.1 4.0 0.17 0.1 77.6 
35-55 7.1 6.1 10.5 27.3 17.6 4.2 0.15 0.2 81.1 
55-66 7.2 6.3 7.9 26.8 16.3 4.5 0.19 0.1 78.9 
Backslope 66—74 7.2 6.3 3.9 19.2 13.3 4.1 0.14 0.1 91.9 
74-89 7.4 6.4 1.5 13.4 18.5 3.6 0.13 0.1 >100' 
89-106 7.8 7.2 0.9 12.4 nd nd nd nd nd 
106-116 7.9 7.4 0.5 14.1 nd nd nd nd nd 
116-145 8.2 7.6 0.4 14.5 nd nd nd nd nd 
145-180 8.2 7.6 0.4 13.9 nd nd nd nd nd 
Knoke 
0-20 7.7 7.1 47.9 39.3 35.8 4.2 0.51 0.3 >100 
20-33 7.4 7.0 29.5 34.7 nd nd nd nd nd 
33-46 7.8 7.1 16.0 30.8 nd nd nd nd nd 
Depression 46—65 7.9 7.2 10.2 26.2 nd nd nd nd nd 
65-79 7.9 7.2 7.8 20.3 nd nd nd nd nd 
79-106 8.0 7.3 4.2 14.2 nd nd nd nd nd 
106-125 8.0 7.5 2.0 13.8 nd nd nd nd nd 
125-142 8.2 7.6 0.8 12.9 nd nd nd nd nd 
" Presence of free calcium carbonate 
Table 3. Selected chemical properties of the soil studied 
Landscape 
Element 
Depth 
hyp 
PH Organic CEC Exchangeable Bases Base 
CaCl, Carbon Ca Hg K Na Sat. 
(cm) g kg i 
Canisteo 
-cmolg kg -1. % 
Toeslope 
0-22 7.7 7.3 55.3 41.2 37.1 4.2 0.48 0.2 >100 
22-37 7.7 7.2 34.1 33.8 nd nd nd nd nd 
37-61 7.8 7.2 17.8 30.2 nd nd nd nd nd 
61-83 7.8 7.2 8.7 28.1 nd nd nd nd nd 
83-103 7.8 7.3 3.6 17.3 nd nd nd nd nd 
103-120 7.9 7.4 2.2 11.1 nd nd nd nd nd 
120-135 8.1 7.5 1.1 8.4 nd nd nd nd nd 
135-165 8.2 7.6 0.6 10.2 nd nd nd nd nd 
165-180 8.2 7.6 0.5 10.6 nd nd nd nd nd 
• Presence of free calcium carbonate 
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cation in all soils. The second major basic cation 
wasmagnesium, which was followed by minor amount of potassium 
and sodium (Table 1 to 3). The other dominant exchangeable 
cation would be hydrogen which was not determined. 
In general, soil morphology and water table status 
reflect the natural soil drainage condition. On the summit 
and shoulder positions (Clarion soils) the water table stays 
below 1.5 m, except for a short period in the spring with 
high amounts of precipitation (Section 1). The prevailing 
downward movement of water at these two sites is consistent 
with lower pH and carbonate-free sola (Section 2). 
The water table remains at depths of less than 1.00 m 
for the Knoke soil in the depression and the Canisteo soil on 
the toeslope. Soils hues were 2.5Y to 5Y or neutral and 
chroma of many horizons was less than 2. Prominent 
redoximorphic features occurred in the sola of these soils 
(Section 1). In addition, the relatively high pH, base 
saturation and presence of carbonates (Section 2) in the sola 
indicates a low degree of leaching and perhaps a net upward 
movement of water. Therefore, the above properties gave 
indication of a potential reducing condition. 
The Nicollet soil on the backslope position was 
intermediate in degree of development of gray color 
redoximorphic features, but this soil was more similar to 
soils on the lower landscape rather than soils upslope. 
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Distribution of Fe^ * and States of Iron 
Two different methods (Childs, 1981; Richardson and 
Hole, 1979) were used to detect the presence of ferrous iron 
which indicates the presence of reducing conditions. Both 
methods were applied in early spring and a few times during 
high water table occurrence. No positive test for Fe^ * was 
obtained in the soil solum. Similar tests showed positive 
indication of Fe^ * in the reduced and unoxidized unleached 
zones of the weathering profiles. The above tests gave good 
indications of the presence of the reduced state of iron when 
there is a substantial amount of Fe^  ^ in the soils. 
Since the above tests did not respond below the water 
tables except in the reduced and unoxidized-unleached 
weathering zones, this study involved determining the total 
Fe^ * and Fe^ * in the whole soil. It was assumed that Fe^ /^Fe^ * 
ratio in soil will be different due to oxidation-reduction 
environments which resulted from periodic water table 
fluctuations. 
The phenanthroline (Komadel and Stucki, 1988) and 
vanadate (Amonette and Scott, 1991) methods were used to 
determine Fe^ *, and partial results have been reported 
(Stucki et al. 1990). Both methods have been tested 
extensively with different reference minerals. Stucki et al., 
(1991) concluded that the vanadate method had better 
precision than the phenanthroline when applied to standard 
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minerals but not with soils. In the presence of organic 
matter the vanadate method over-estimated Fe^ \ High amount 
of Fe^ * in the surface horizons were over-estimated due to 
presence of organic matter (Figures la, 2a, and 3a). Very 
little difference was noticed in the solum of the soils where 
Fe^ */Fe^ * ratios gradually decreased toward the B horizon then 
progressively increased in the C horizon. A small variability 
of the ratio was observed in the reduced and unoxidized zones 
(Figures lb to 3b). There is no significant difference in the 
distribution of Fe^ * content under different drainage 
conditions. This could be explained by the method of 
preparation of the sample for determination of Fe^ \ The 
extensive nature of sample preparation in the phenanthroline 
method such as air drying and fine grinding may have changed 
the Fe^ * status which was present under a natural 
environment. This difference can be seen in Figures la to 3a. 
The Fe^ * status for air dry samples determined by both 
methods gave almost identical results below the B horizons 
except at the 265-290 cm depth in the Canisteo soil (Figure 
3a). Organic matter content at that depth was 5.0 g kg"^ . 
Therefore, the result from the above methods would be 
difficult to use for any interpretation of ferrous iron 
content and saturation status of these soils. 
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Distribution of Selected Chemical properties 
The amounts of Fe, Mn, and A1 which were extracted from 
these soils by HF, CBD, Oxalate and pyrophosphate extractant 
are presented in the Tables 4 to 6. Ranges of total iron 
(Fe*) 26.9 to 14.4 g kg'\ total manganese (Mn^ ) 1.25 to 0.16 
g kg'\ and total aluminum (Al^ ) 54.7 to 32.0 g kg'^  were 
found in these soils. There was no noticeable difference in 
the Alj distribution in the pedons except in the sola of 
Clarion and Nicollet which have less Al^  as compared to the 
Knoke and Canisteo soils. The Fe^  content was higher in soils 
on the upper landscape positions. The Mn^  content of the sola 
progressively decreased downslope but the maximum Mn^  content 
was observed in the Knoke soil at a depth 65-79 cm and in the 
Canisteo at a depth of 61-83 cm. 
The amounts of two other fractions of Mn (Mn^  and Mn^ ) 
and A1 (Aly and Al^ ,) were almost identical for these soils. 
The oxalate fraction (Mn^  and Al^ ) tended to be slightly 
lower than the CBD extractant (Mn^  and Aly) but they were 
highly correlated (Figure 4). This apparently gives no 
additional information. This trend was found in soils from 
the humid temperate regions (Blume and Schwertmann, 1969 and 
McKeague et al., 1966). The amount of Al^  was low and there 
was small variability in Al^  among sola and pedons (Table 3 
to 5) which indicates a early weathering stage of silicate 
'• G**"**:'*' r^ophcsphate(p, extractable iron. 
Depth Fe, Fen Fe„ Mn, Mnn Mn„ Mn„ Al, AIH Al„ Al„ 
(cm) g Kg 
Clarion (Summit Position) 
0-15 20.5 6.14 2.48 3.22 0.59 0.45 0.41 0.15 38.8 1.37 1.31 0.63 
15-30 21.1 6.74 2.79 2.49 0.54 0.47 0.43 0.10 36.3 1.15 1.16 0.61 
30-54 25.1 7.35 2.49 2.13 0.58 0.48 0.41 0.08 34.3 1.44 1.35 0.51 
54-83 26.9 8.00 2.53 1.02 0.66 0.43 0.44 0.08 36.3 1.21 1.06 0.35 
83-113 26.3 6.22 2.67 0.63 0.81 0.47 0.48 0.06 42.2 0.94 0.61 0.31 
113-135 21.3 4.06 2.14 0.31 0.70 0.45 0.50 nd^  46.3 0.61 0.57 0.20 
135-150 20.4 5.08 2.21 0.22 0.67 0.64 0.60 nd 45.2 0.52 0.58 TrZ 
150-182 21.3 4.89 2.25 0.37 0.78 0.61 0.61 nd 49.3 0.55 0.48 Tr 
Clarion (Shoulder Position) 
0-18 22.8 6.57 2.66 3.59 0.63 0.52 0.52 0.09 35.0 1.56 1.69 0.67 
18-30 24.1 7.76 3.00 2.25 0.77 0.47 0.48 0.10 35.9 1.90 1.76 0.58 
30-54 24.1 7.86 2.83 1.12 0.77 0.46 0.45 0.08 38.5 1.90 1.75 0.46 
54-72 22.7 7.06 2.45 0.61 0.53 0.42 0.40 0.06 38.2 1.27 1.15 0.31 
72-110 20.4 5.77 2.68 0.46 0.52 0.46 0.48 0.04 44.5 0.97 0.95 0.20 
110-126 22.7 4.19 2.39 0.23 0.64 0.59 0.48 nd 49.2 0.65 0.66 nd 
126-156 23.6 4.33 2.31 0.31 0.87 0.61 0.59 nd 48.9 0.76 0.69 nd 
156-180 22.5 4.47 2.49 0.36 1.05 0.82 0.73 nd 48.0 1.01 0.93 nd 
' Not determined. 
 ^ Trace amount. 
Table 5. Total(t), Dithionate(d), Oxalate(o) and Pyrophosphate(p) extractable iron, 
manganese, and aluminium 
Depth Fe, Fe, FGn Mn, Mn^  Mn„ Mn„ Al, AIH Al„ Alp 
(cm) 1 y 
Nicollet (Backslope Position) 
0-15 18.6 4.34 2.45 3.75 0.53 0.37 0.40 0.11 32.6 0.95 0.85 0.79 
15-35 18.6 4.20 2.59 2.05 0.49 0.39 0.36 0.08 36.0 0.96 0.74 0.81 
35-55 24.8 5.32 2.38 1.24 0.87 0.62 0.52 0.06 39.4 1.07 0.98 0.56 
55-66 25.3 5.04 1.89 0.63 0.81 0.66 0.54 0.05 39.6 0.75 0.79 0.31 
66-74 23.1 5.09 2.54 0.35 0.81 0.71 0.72 Tr2 47.1 0.37 0.41 0.26 
74-89 22.4 5.11 2.47 0.14 0.96 0.81 0.74 nd' 46.8 0.21 0.23 Tr 
89-106 23.9 3.78 2.26 0.24 1.04 0.86 0.78 nd 43.6 0.11 0.12 Tr 
106-116 17.4 3.57 2.61 0.46 0.84 0.43 0.66 nd 47.6 0.11 0.08 nd 
116-145 19.1 2.34 1.54 0.29 0.45 0.23 0.30 nd 51.5 Tr Tr nd 
145-180 20.5 3.04 1.79 0.34 0.38 0.25 0.25 nd 54.7 Tr Tr nd 
Knoke (Depression) 
M 
M 
m 
0-20 24.7 2. 52 1.75 3. 89 0. 51 0.47 0.36 0.13 43.3 1.28 1.28 0.89 
20-33 24.9 2. 05 1.35 2. 12 0. 31 0.24 0.20 0.09 41.6 1.16 1.06 0.72 
33-46 25.1 1. 27 0.84 1. 36 0. 30 0.32 0.27 0.06 39.9 0.86 0.74 0.53 
46-65 24.9 1. 11 0.77 0. 79 0. 46 0.37 0.31 0.06 44.2 0.77 0.74 0.36 
65-79 22.7 1. 09 0.98 0. 31 1. 25 1.00 0.96 Tr 46.7 0.28 0.25 0.27 
79-106 19.1 1. 10 1.06 0. 20 0. 90 0.60 0.53 Tr 49.3 0.11 0.08 Tr 
106-125 14.8 1. 05 0.84 0. 28 0. 43 0.20 0.18 nd 51.4 Tr Tr nd 
125-142 14.9 1. 03 0.84 0. 22 0. 25 0.07 Tr nd 48.8 Tr Tr nd 
' Not determined 
 ^Trace amount 
Table 6. Total(t), Dithionate(d), Oxalate(o) and Pyrophosphate(p) extractable iron, 
manganese, and aluminium. 
Depth Fe^  Fen Fe, Fe„ Mn^  Mn^  Mn„ Mn^  Al^  Aln A1» Al„ 
(cm) g kg'^  
Canisteo (Toeslope Position) 
0-22 20 .7 2. 38 1. 82 4. 03 0. 49 0. 45 0. 39 0.16 35. 1 1.02 0.94 1.07 
22-37 19 .4 2. 05 1. 19 2. 98 0. 29 0. 20 0. 18 0.17 44. 5 1.09 0.90 0.69 
37-61 22 .9 1. 84 0. 94 1. 23 0. 23 0. 16 0. 17 0.06 41. 1 0.68 0.75 0.49 
61-83 22 .8 1. 46 0. 98 0. 48 1. 16 1. 07 0. 92 0.06 46. 6 0.28 0.27 0.27 
83-103 17 .2 1. 19 0. 70 0. 36 0. 44 0. 38 0. 31 Tr2 44. 0 0.11 0.08 0.09 
103-120 14 .4 1. 10 0. 63 0. 41 0. 20 0. 16 0. 10 Tr 44. 5 Tr Tr Tr 
120-135 14 .9 1. 04 0. 68 0. 50 0. 37 0. 10 0. 16 nd^  46. 5 Tr Tr nd 
135-165 14 .5 1. 15 0. 75 0. 46 0. 32 0. 12 0. 26 nd 42. 6 Tr Tr nd 
165-180 16 .2 1. 06 0. 78 0. 49 0. 16 0. 10 0. 09 nd 49. 2 Tr Tr nd 
' Not determined 
 ^Trace amount 
117 
2.0 
f '-s 
< 
<D 
1 1.0 
o 
2 
S ^ 
q) 0.5 
D 
X 
O 
0.0 
0.0 
Y = 0.0012 + 0.93X, r=0.9B 
Dithionite Extractable AI (gKg ' ) 
Y = 0.042 + 0.86X, r= 0.95 
0.9 
o 0.6 
0.3 0.6 0.9 
Dithionite Extractable Mn (gKg~1) 
Figure 4. Relationship between oxalate and citrate 
bicarbonate dithionite extractable A1 (A) and 
Mn (B) 
118 
minerals present in these soils. As expected, the Clarion 
soils were more weathered compared to others. 
Pyrophosphate extractable Fe, Mn, and A1 (Fep, Mnp and 
Alp) decreased with depth as did the organic matter in the 
soils except in the lower part of the profile. The 
pyrophosphate may have extracted amorphous inorganic 
fractions of Fe. The maximum content of Fep was in the 
surface horizons of the Canisteo soil which has the highest 
organic matter content as compared to the other soils. The 
organic matter content and FCp had a very high correlation 
(Figure 5) . The Alp and Mnp were reasonably low compared to 
Fep. The presence of a high amount of pyrophosphate 
extractable Fe was due to the differences in the Irving-
Williums series chelate stability constant, which is Fe > A1 
> Mn (Jenkinson, 1988). 
The content of Fe^  and Fe^  in the Clarion soils on the 
summit and shoulder positions was slightly higher than in the 
soils downslope. The data showed that when gleying occurred 
in the profile, as indicated by morphological evidence 
(Appendix 1), the Fe^  content was affected. In this case a 
soil with gley features always had less Fe^  than non-gleyed 
horizons. The Fe^  increased with depth and with the maximum 
amount observed in the B horizons of the Clarion and Nicollet 
soils (Table 4 and 5). The maximum amount usually was in the 
upper part of the B horizon and invariably corresponded to 
5.0 
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Figure 5. Relationship between pyrophostate extractable Fe and 
organic carbon present in soils 
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the horizons with maximum clay and Fe^  percentage. A diffuse 
second maxima was observed below the solum of the Clarion 
soils which may reflect the present day water table 
oscillations. The Fe^  content in the Knoke and Canisteo soils 
have different distribution than the above soils (Table 6). 
The maximum amount was in the surface horizons. There were no 
second maxima observed. The second maxima may have never 
formed in these soils due to shallow water table and organic 
matter. 
The depth distribution of Fe^  was not different from 
that of Fe^  and Fe^ . The well drained Clarion soils had the 
highest content of all these fractions of iron, with 
decreasing amount in soils on lower landscape positions. The 
major portion of the secondary iron in soils on lower 
landscape positions was in amorphous form. Higher amounts of 
Fe^  could indicate release of amorphous iron by weathering of 
iron bearing silicate minerals or could be accounted for 
reducing conditions due a to shallow water table which keeps 
the iron oxides in poorly crystalline or amorphous phase. 
Schwertmann et al., (1968) suggested that a higher amount of 
Fe^  which coincides with high FeyFe^  is probably due to more 
intense weathering of mineral surfaces and the retardation of 
crystallization of iron oxidation in the presence of organic 
matter. 
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The Fey Fey ratios and distributions in the soil 
profiles were compared and two different trends were 
observed. The well drained soils have a higher ratio in the 
surface horizon, decreased slightly in subsurface horizons 
with the minima occurring in the B horizon (Figure 6 and 7). 
In contrast, the soils on the lower landscape position had a 
maximum ratio in the B horizons or below the solum where gray 
redoximorphic features were observed (Figure 9 and 10). The 
increase in the Fe^ Fe^  accompanying morphological evidence 
of gleying is a well established trend, and is postulated by 
many authors (Michalyna, 1971; Stonehouse and St. Arnaud, 
1971) . 
As the Fe^  content increased, a lower amount of Fe^  was 
present. This is indirect evidence that iron may have been 
lost from soil horizons due to a shallow water table in the 
lower landscape positions. The shallow water table may have 
caused reduced environments in the soil. James (1981) 
recorded the redox measurements over a period of two years 
for the Clarion catena in Story County, Iowa. He concluded 
that during major portions of the year, the soils on upper 
landscape positions sustain oxidizing environments whereas 
soils on lower landscape positions have reduced conditions 
during spring and part of summer when high precipitation 
occurred. High precipitation resulted in a shallower water 
tables for soils lower on the landscape. Under this reduced 
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condition, Fe is converted to its more mobile reduced form 
(Patrick, 1964; Turner and Patrick, 1968). As expected, 
mobilization and leaching of iron in the reduced state may 
account for the low Fe^  content in gleyed horizons. 
The translocation of clay with Fe^  was examined in these 
soils. The increase in clay content was usually in the B 
horizons of soils on upper landscape positions. The Fe^ /clay 
ratio (Figures 6 to 8) suggested that slight accumulation of 
iron occurred as result of clay movement. In contrast, the 
Fe^ /clay ratios in soils on lower landscape positions were 
quite different from soils upslope (Figures 9 and 10). The 
Knoke and Canisteo soils have a very low ratio (<0.1) 
compared to (>0.2) for the well drained Clarion and somewhat 
poorly drained Nicollet (Figure 8). 
In general for soils of the Clarion catena Fe^  maxima 
always occurred in the B or A horizons while Mn^  maxima 
occurred somewhat deep in the C horizons in the Clarion 
soils. The maxima of Mn^  in the Nicollet, Knoke, and Canisteo 
soils occurred in the sola where the water table fluctuates 
most. It seems Mn had moved independently of Fe in these 
soils. Blume and Schwertmann (1969) reported similar trends 
for Mn. The depth distributions of Mn^ /Fe^  ratio in the well-
drained Clarion soils was nearly constant in the solum. The 
average ratio of Mn^ /Fe^  in the horizons ranged from 0.05 to 
0.08 (Figures 6 and 7). A short residence period of the water 
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table at depths below 1.5 m may have changed the above ratio. 
In the somewhat poorly drained Nicollet soil, at a depth of 
89-106 cm, a maximum ratio of 0.23 occurred (Figure 8). For 
soils on the lower landscape positions, the overall ratio 
increased from 0.07 to 0.92 (Figures 9 and 10). The maximum 
was observed in the very poorly drained Knoke soil at a depth 
of 65-79 cm. The higher content of Mn^  was supported by 
morphological evidence of the presence of discrete secondary 
Mn accumulation in these soils (Appendix 1). Buol et al. 
(1980) postulated that secondary Mn occurred at a greater 
depth than Fe in well drained soils because Mn^ * remain in 
the reduced, soluble form for a longer period of time as 
compared to Fe^ * upon exposure to increasing redox potential. 
Reduced Mn will be reoxidized and become immobilized at 
higher redox potential as compared to Fe^ * at a given pH 
(Lindsay, 1979; Bohn et al., 1985). Because Mn is more mobile 
than Fe, it may have moved with vertical as well as through 
flow and concentrated in soil horizons on lower landscape 
positions. In summer when the water table dropped to a lower 
depth, an oxidizing environment prevailed, and Eh would be 
high enough to form secondary Mn. 
McKenzie (1988) explained that the presence of secondary 
oxides is probably initiated by saturation of soil resulting 
in reduction and dissolution of some of the Mn and Fe oxides. 
Since Fe^ * is oxidized more rapidly iri the presence of MnOg it 
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will tend to deposit on the remaining Mn oxide rather then Fe 
oxide. The MnOg substrate would inhibit recrystallization of 
secondary iron oxides. As the soil dries the oxidation 
potential increases and the mixed oxides could catalyze the 
oxidation of both Fe and Mn, leading to preferential 
deposition on these surfaces rather than elsewhere in the 
soil. In addition to the above explanation Schwertmann et 
al., (1968) suggested that the presence of a considerable 
amount of organic matter could restrict the formation of 
secondary Fe oxide because Fe will be complexed by organic 
matter. Data from this study show that a considerable amount 
of Fe is in the pyrophosphate extract. Under reducing 
condition, the Fe^ * may have complexed with organic matter 
present in the soils. As the soils dried, reduced iron became 
oxidized. Fe^ * has a higher stability constant as compared to 
Fe^ * (Jenkinson, 1988) . Therefore, Fe^ * became unavailable to 
participate in secondary iron oxide formation. 
This study shows that as drainage conditions become 
progressively poorer, the size and amount of secondary Mn 
concretion were more visible. Allen and Hajak, (1989) and 
Simonson and Boersma, (1972) reported similar results. 
Phillippe et al., (1972) postulated that the Mn/Fe ratio 
increased from well-drained to poorly drained soils largely 
due to increased Mn content associated with the large size 
concretions. The secondary Mn and the ratio of secondary Mn 
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and Fe at different depth can be used as an indicator of 
oxidation and reduction environments as well as drainage 
conditions of the soils of the Clarion catena. 
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SUMMARY AND CONCLUSION 
In 1990 the International Committe on Aquic Moisture 
Regime proposed the replacement of aquic moisture regime with 
aquic condition. The redoximorphic features, saturation, and 
reduction are the essential properties that define aquic 
condition. There are many factors involved in the reduction 
process. The elements Fe and Mn are greatly affected by 
oxidation and reduction processes. The distribution of their 
pedogenic oxides in the soil profile would be a good 
indicator of oxidation and reduction environments. Therefore, 
this study was designed to investigate their depth 
distribution which would provide a signature of oxidation and 
reduction environments and could be used to predict different 
moisture regimes present in the Clarion catena. 
Iron, aluminum, and manganese were extracted from these 
soils by HF, CBD., oxalate and pyrophosphate extractants. 
Different forms of A1 provided a weak trend. In the well 
drained Clarion soils, Fe^ , Fe^  and Fe^  contents were higher 
as compared to Knoke and Canisteo soils. The soils from the 
upper landscape positions had a slight increase in clay and 
iron in the subsoil. These accumulations could be the result 
of in-situ weathering or downward movement of weathering 
products. The variability of Fe^ /clay ratios in soils on the 
lower landscape positions reflects the influence of 
fluctuation of water table on the distribution of iron. 
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The distribution of active ratio of iron (Fe^ /Fe^ j) 
provides evidence of possible transformation and 
translocation of iron oxide in relation to drainage condition 
and landscape position. The overall Fe^ /Fe^  ratio in well 
drained soils was relatively less as compared to the soils 
downslope. This trend confirms that well drained soils 
contain higher amounts of crystallized oxide as compared to 
amorphous oxide whereas poorly-drained soils have the 
opposite trend. The increasing amounts of the active ratio on 
lower landscape positions may have resulted from a shallow 
water table and the presence of organic matter which may have 
restricted crystallization of iron oxide. This ratio has been 
used to separate soils developed in a hydrosequènce or 
different drainage conditions (McKeague and Day, 1966; Blume 
and Schwertmann,1969). However, Michalyna and Rust, 1984; 
Stonehouse and St. Arnaud, 1971 found that this active ratio 
did not necessarily reflect oxidation-reduction environments. 
This research has attempted to examine the ratio between 
Mny and Fe^ . Several researchers found that secondary Mn 
concentrations are related to drainage conditions. The 
results of this study showed virtually a constant ratio of 
Mny/Fey (0.05 to 0.08) in the well drained soils. In the 
somewhat poorly drained Nicollet soil, a maximum of 0.23 
Mny/FCj at a depth of 89-106 cm occurred. This soil was 
saturated 84% of the time below a depth of 1.0 to 1.5 m 
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(Section 1). In the poorly drained Canisteo, the maximum 
Mny/Fej ratio was at a depth of 61-83 cm and the very poorly 
drained Knoke soil had a maximum ratio of Mn^ /Fe^  at a depth 
of 65-79 cm. In both cases 75% of time these soils were 
saturated below a depth of 0.5 to 1.0 m. The water table 
never dropped below 1.5 m (Section 1). The soils from the 
Clarion catena exhibit different morphology and chemical 
characteristics which can be related to the present water 
table depth, drainage conditions, as well as aquic 
conditions. Based on the results of this study, it is 
possible to predict aquic conditions of a soil from its 
MnyPey ratio and its landscape position. The difference in 
moisture regime, and probably organic matter, may have 
resulted in a differential degree of crystallization of Mn 
and Fe oxides along the landscape. 
The use of Mn^ /Fe^  ratios need to be treated with 
caution, and further research is required to determine their 
potential application in predicting drainage status as well 
as aquic moisture condition. Quantification of soil moisture 
regimes of the Clarion catena may provide a better 
understanding of aquic and other moisture regimes. This may 
contribute to the testing and refinement of soil 
classification criteria and Soil Taxonomy. 
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SUMMARY AND DISCUSSION 
Five soils from the Clarion catena were examined. These 
soils are formed from late Wisconsin glacial till and till-
derived materials. The purpose of this study was to determine 
the relationships of saturated zones and distribution of 
selected mineralogical and chemical properties of these 
soils. 
The amount of precipitation and the depth of water table 
were monitored for seven years in selected soils from the 
Clarion catena at the Agronomy farm in Boone County of 
central Iowa. It has been demonstrated that the depth to the 
water table related to amount of precipitation and 
évapotranspiration. The depth to the water table in each soil 
is a function of annual precipitation and landscape 
positions. 
Soil color and the nature of redoximorphic features are 
frequently used as essential properties for soil 
classification and soil survey interpretation. Redoximorphic 
features have been applied as a key morphological features 
for the interpretation of soil drainage conditions. In this 
study, the color and redoximorphic features observed at all 
positions compliment the present day's water table. 
The mineral species of sand fractions were identified by 
use of the pétrographie microscope. Quartz was the most 
abundant mineral in soils on all the landscape positions and 
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in every situation feldspar was the most common mineral in 
the light mineral suite. The plagioclase feldspars had 
weathered much more extensively in soils on higher landscape 
positions as compared to the lower landscape positions. The 
heavy mineral fractions of sand are made up primarily of the 
silicate minerals such as hornblende and garnet and stable 
minerals such as zircon, rutile, and tourmaline. 
The presence of fractured grains throughout the entire 
profile indicated that fractures were present at the time the 
glacial till was deposited. Most of the fracturing probably 
resulted during the transport of the material by glacial 
action. 
The overall clay mineralogy of soils on different 
landscape positions is quite uniform, the principal exception 
being the presence of goethite in the B horizon of the 
Clarion soil on the summit. Surface horizons contain a higher 
amount of hydroxyl-interlayered minerals as compared to the 
subsurface horizons in each soil. Smectite is the dominant 
clay mineral in all the soils studied. Mica and kaolinite 
were present in smaller amount. A reciprocal relationship 
between decreasing mica contents and increasing contents of 
hydroxyl-interlayered minerals from the surface to the C 
horizons was observed. This indicate that mica may have been 
transformed to hydroxy-interlayered minerals. 
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The samples analyzed demonstrate the effect of 
topographic positions as well as local micro-environment and 
the water table conditions on the distinctive mineralogical 
signatures associated with the various soil profiles in this 
Clarion catena. 
The elements Fe and Mn are greatly affected by oxidation 
and reduction processes. The distribution of their pedogenic 
oxides in the soil profile would be good indicator of 
oxidation and reduction environments. Therefore, this study 
was designed to investigate their depth distribution which 
would provide a signature of oxidation and reduction 
environments and could be used to predict different moisture 
regimes present in the Clarion catena. 
This research has attempted to examine the ratio between 
Mny and Fey. Several researchers found that secondary Mn 
concentrations are related to drainage conditions. The 
results of this study showed virtually a constant ratio of 
Mny/Fey (0.05 to 0.08) in the well drained soils. In the 
somewhat poorly drained Nicollet soil, a maximum of 0.23 
Mny/Fe^ at a depth of 89-106 cm occurred. This soil was 
saturated 84% of the time a depth of 1.0 to 1.5 m depth 
(Section 1). The poorly drained Canisteo soil had a maximum 
Mny/Fe^ ratio at a depth of 61-83 cm. The very poorly drained 
Knoke soil had a maximum ratio of Mn^j/Fe^, at a depth of 65-79 
cm. In both cases 75% the of time these soils were saturated 
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below a depth of 0.5 to 1.0 m. The water table never dropped 
below 1.5 m (Section 1). The soils from the Clarion catena 
exhibit different morphology and chemical characteristics 
which can be related to the present water table depth, 
drainage conditions as well as aguic conditions. Based on the 
results of this study, it is possible to predict aguic 
conditions in a soil from its Mn^/Fe^ ratio and its landscape 
position. The difference in moisture regime, and probably 
organic matter, may have resulted in a differential degree of 
crystallization of Mn and Fe oxides along the landscape. 
The use of Mn^/Fe^ ratios need to be treated with 
caution, and further research is reguired to determine their 
potential application in predicting drainage status as well 
as aguic moisture condition. Quantification of soil moisture 
regimes of the Clarion catena may provide a better 
understanding of aguic and other moisture environments. This 
may contribute to the testing and refinement of soil 
classification criteria and Soil Taxonomy. 
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APPENDIX A: SOIL DESCRIPTIONS 
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Soil mapping unit number: 138 
Series: Clarion 
Landscape position: Summit 
Taxonomic class: Fine-loamy, mixed, mesic Typic 
Hapludoll. 
A 0-30 cm; black (lOYR 2/1) loam; moderate to strong medium 
granular blocky structure; friable; many fine and very fine 
roots; clear boundary. 
Bwl 30-54 cm; dark grayish brown (lOYR 3/2) clay loam; 
moderate medium subangular blocky structure; friable; many 
fine and very fine roots; gradual boundary. 
Bw2 54-83 cm; dark yellowish brown (lOYR 4/4) loam; moderate 
medium subangular blocky structure; friable many fine and 
very fine roots; many fine pores; gradual boundary. 
BC 83-113 cm; dark yellowish brown (lOYR 4/4)loam; week fine 
subangular blocky structure; friable; few roots; gradual 
boundary. 
CI 113-135 cm; yellowish brown (lOYR 5/4) loam; few fine 
light brownish gray (2.5Y 6/2) mottles; massive; friable; 
week effervescence; gradual boundary; oxidized unleached 
till. 
C2 135-150 cm; yellowish brown (lOYR 5/4) loam; many medium 
prominent light brownish gray (2.5Y 6/2) and few fine 
distinct yellowish brown (lOYR 5/6) mottles; massive; strong 
effervescence; abrupt boundary; oxidized unleached till. 
C3 150-182 cm; yellowish brown (lOYR 5/4) loam; many medium 
prominent light brownish grey (2.5Y 6/2) and few fine 
distinct yellowish brown (lOYR 5/6) mottles; massive; strong 
effervescence; few lime spot; clear boundary; oxidized 
unleached till. 
C4 182-240 cm; light olive brown (2.5Y 5/4) loam; few medium 
distinct light olive gray (5Y 6/2) and common medium distinct 
dark yellowish brown (lOYR 4/6) mottles; massive; strong 
effervescence; gradual boundary; oxidized unleached till. 
C5 240-280 cm; light olive brown (2.5Y 5/4) loam; few medium 
distinct light brownish gray (2.5Y 6/2), few medium fine 
light olive brown (2.5Y 5/6), and common medium distinct 
yellowish brown (lOYR 5/6) mottles; massive; strong 
effervescence; gradual boundary; oxidized unleached till. 
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C6 280-324 cm; light olive brown (2.5Y 5/4) loam; common 
medium distinct dark yellowish brown and common medium faint 
light olive brown mottles; massive; strong effervescence; 
gradual boundary; oxidized unleached till. 
C7 324-410 cm; light olive brown (2.5Y 5/4) loam; common 
medium prominent yellowish brown (lOYR 5/8) and common fine 
prominent olive (5Y 4/4) mottles; massive; strong 
effervescence; gradual boundary; oxidized unoxidized till. 
C8 410-453 cm; dark grayish brown (2.5Y 4/2) loam; common 
medium prominent dark yellowish brown (lOYR 3/4) and few 
medium prominent light olive brown (2.5Y 5/6) mottles; 
massive; strong effervescence; clear boundary; oxidized 
unleached till. 
C9 453-495 cm; dark grayish brown (2.5Y 4/2) loam; few medium 
prominent yellowish brown (lOYR 5/6) and few medium olive 
brown (2.5Y 5/6) mottles; massive, strong effervescence; 
gradual boundary; reduced unleached till. 
CIO 495-533 cm; dark greenish gray (5GY 4/1) loam; few fine 
faint light olive brown mottles; massive strong 
effervescence, gradual boundary; unoxidized unleached till. 
Cll 533+ cm; dark greenish gray (5GY 4/1) loam; common medium 
distinct dark greenish gray (5BG 5/1) mottles; massive; 
strong effervescence; gradual boundary; unoxidized unleached 
till. 
Soil mapping unit number: 138 
Series: Clarion 
Landscape position: Shoulder 
Taxonomic class: Fine-loamy, mixed, mesic Typic 
Hapludoll. 
A1 0-18 cm; black (lOYR 2/1) loam; moderate to strong 
granular structure; friable; very fine and fine roots; clear 
boundary. 
A2 18-30 cm; black (lOYR 2/1) loam; moderate medium granular 
structure; friable; many fine and very fine roots; abrupt 
boundary. 
AB 30-54 cm; dark brown (lOYR 3/3) clay loam; moderate 
subangular blocky structure; friable; many fine roots; clear 
boundary. 
149 
Bwl 54-72 cm; dark yellowish brown (lOYR 4/4) loam; moderate 
subangular blocky structure; friable; many fine roots; 
gradual boundary. 
Bw2 72-110 cm; dark yellowish brown (lOYR 4/4) loam; weak 
subangular blocky structure; friable; few roots; abrupt 
boundary. 
Cl 110-126 cm; yellowish brown (lOYR 5/4) loam; common medium 
prominent light brownish gray (2.5Y 6/2) and few medium 
distinct yellowish brown (lOYR 5/6) mottles; massive; 
friable; few roots; strong effervescence; gradual boundary; 
oxidized unleached till. 
C2 126-156 cm; yellowish brown (lOYR 5/4) loam; common medium 
prominent light brownish gray (2.5y 6/2) and few fine 
distinct yellowish brown (lOYR 5/6) mottles; massive; 
friable; few lime spot; strong effervescence; oxidized 
unleached till. 
C3 158-180 cm; yellowish brown (lOYR 5/4) loam; common medium 
prominent light brownish gray (2.5y 6/2) and few fine 
distinct yellowish brown (lOYR 5/6) mottles; massive; 
friable; strong effervescence; clear boundary; oxidized 
unleached till. 
C4 180-240 cm; light olive brown (2.5Y 5/4) loam; few fine to 
medium distinct light olive gray (5Y 6/2) and common medium 
distinct yellowish brown (lOYR 5/6) mottles; massive; strong 
effervescence; clear boundary; oxidized unleached till. 
C5 240-286 cm; light olive brown (2.5Y 5/4) loam; common 
medium distinct dark yellowish brown (lOYR 4/6) and common 
fine faint light olive brown (2.5Y 5/6) mottles; massive; 
strong effervescence; clear boundary; oxidized unleached 
till. 
C6 286-347 cm; grayish brown (2.5Y 5/2) loam; few medium 
prominent yellowish red (5YR 4/6) and few fine distinct 
yellowish brown (lOYR 5/8) mottles; massive; strong 
effervescence; abrupt boundary; oxidized unleached till. 
C7 347-385 cm; dark greenish gray (5GY 4/1) loam; few fine 
faint light olive brown (2.5Y 5/4) mottles; massive; strong 
effervescence; clear boundary; reduced unleached till. 
C8 385-454 cm; dark greenish gray (5GY 4/1) loam; common 
medium distinct greenish gray (5BG 5/1) mottles; massive; 
strong effervescence; unoxidized unleached till. 
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Soil mapping unit number: 55 
Series; Nicollet 
Landscape position: Backslope 
Taxonomic class: Fine loamy, mixed, mesic, Aquic Hapludoll 
A1 0-35 cm; black (lOYR 2/1) loam; moderate medium granular 
structure; friable; many fine and very fine roots; gradual 
boundary. 
A2 35-55 cm; very dark gray (lOYR 3/1) clay loam; moderate 
medium granular structure; friable; many fine and very fine 
roots; gradual boundary. 
AB 55-70 cm; dark gray (lOYR 4/1) loam; few fine faint very 
dark gray (lOYR 3/1) mottles; moderate medium subangular 
blocky structure; friable; many very fine roots; abrupt 
boundary. 
Bwl 70-89 cm; dark grayish brown (2.5Y 4/2) loam; common fine 
distinct light olive brown (2.5Y 5/6) mottles; moderate 
medium subangular blocky structure; friable; clear boundary. 
Bw2 89-106 cm; dark grayish brown (2.5Y 4/2) sandy loam; 
common fine distinct light olive brown (2.5Y 5/6) mottles; 
few black (N 2/0) Mn concretion; week medium subangular 
blocky structure; friable. 
BC 106-116; grayish brown (2.5Y 5/2) loam; many fine distinct 
light olive brown mottles; week fine subangular blocky 
structure; friable; slight effervescence in parts; gradual 
boundary. 
CI 116-145 cm; grayish brown (2.5Y 5/2) loam; many medium 
prominent light olive brown (2.5Y 5/6) and few faint distinct 
olive yellow mottle; massive; strong effervescence; gradual 
boundary; oxidized unleached till. 
C2 145-160 cm; grayish brown (2.5Y 5/2) loam; many medium 
prominent light olive brown (2.5Y 5/6) and few fine faint 
olive yellow mottles; massive strong effervescence; gradual 
boundary; oxidized unleached till. 
C3 160-204 cm; grayish brown (2.5Y 5/2) loam; many medium 
distinct light olive brown (2.5Y 5/6) and few fine distinct 
yellowish brown (lOYR 5.8) mottles; massive; strong 
effervescence; abrupt boundary; oxidized unleached till. 
C4 204-244 cm; dark gray (5Y 4/1) loam; common fine prominent 
light olive brown and few fine distinct light olive brown 
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(2.5Y 5\6) mottles; massive strong effervescence; gradual 
boundary; reduced unoxidized till. 
C5 244-312 cm; dark greenish gray (5GY 4/1) loam; few fine 
faint olive brown (2.5Y 4/4) mottles; massive; strong 
effervescence; gradual boundary; unoxidized unleached till. 
C6 312-350 cm; dark greenish gray (5GY 4/1) loam; common 
medium distinct greenish gray (5BG 5/1) mottles; massive; 
strong effervescence; unoxidized unleached till. 
Soil mapping unit number: 4 
Series: Knoke 
Landscape position: Depression 
Taxonomic class: Fine, mixed (calcareous), mesic Cumulic 
Haplaquoll. 
A1 0-20 cm; black (5Y 2/1) silty clay loam; moderate medium 
granular structure; friable; many fine and very fine roots; 
violent effervescence; abrupt boundary. 
A2 20-30 cm; very dark gray (5Y 3/1) silty clay loam; week 
fine subangular blocky structure; friable; many fine and very 
fine roots; strong effervescence; clear boundary. 
AB 30-46 cm; very dark gray (5Y 3/1) clay loam; week medium 
subangular blocky structure; friable; fine and very fine 
roots; strong effervescence; gradual boundary. 
Bgl 46-65 cm; very dark gray (5Y 3/1) clay loam; few fine 
faint grayish brown (2.5Y 5/2) mottles; moderate medium 
subangular blocky structure; friable; many very roots; strong 
effervescence; abrupt boundary. 
Bg2 65-79 cm; very dark gray (5Y 3/1) clay loam; few fine 
distinct grayish brown (2.5Y 5/2) mottles; many black (N 2/0) 
concretion; week medium subangular blocky structure; friable; 
strong effervescence; gradual boundary. 
2BCg 79-106 cm; grayish brown (2.5Y 5/2) loam; few fine 
distinct light olive brown (2.5Y 5/6) mottles; few black (N 
2/0) Mn concretions; week fine subangular blocky structure; 
friable; strong effervescence; gradual boundary. 
2Cgl 125-142 cm; olive gray (5Y 5/2) loam; few medium 
distinct olive brown (2.5Y 5/6) and few fine distinct 
brownish yellow mottles (lOYR 6/8) mottles, massive; friable; 
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strong effervescence; gradual boundary; oxidized unleached 
till. 
2Cg3 142-198 cm; olive gray (5Y 5/2) loam; common fine faint 
light olive brown (2.5Y 5/6) mottles; massive; strong 
effervescence; gradual boundary; oxidized unleached till. 
2Cg4 198-233 cm; dark gray (5Y 4/1) loam; few fine distinct 
light olive brown (2.5Y 5/6) mottles; massive; friable; 
strong effervescence; gradual boundary; reduced unleached 
till. 
2Cg5 233-279 cm; dark greenish gray (5GY 4/1) loam; massive; 
friable; strong effervescence; unoxidized unleached till. 
Soil mapping unit number: 507 
Series: Canisteo 
Landscape position; Toeslope 
Taxonomic class: Fine, loamy, mixed (calcareous), mesic Typic 
Haplaquoll. 
A1 0-22 cm; black (N 2/0) silty clay loam; moderate medium 
granular structure; friable; violent effervescence; many fine 
and very fine roots; clear boundary. 
A2 22-37 cm; black (N 2/0) silty clay loam; week medium 
subangular blocky structure; friable; many fine and very fine 
roots; strong effervescence; gradual boundary. 
AB 37-61 cm; black (N 2/0)) clay loam; few fine faint very 
dark gray (lOYR 3/1) mottles; moderate medium subangular 
blocky structure; friable; many very fine roots; strong 
effervescence; gradual boundary. 
Bgl 61-83 cm; olive gray (5Y 5/2) clay loam many fine 
distinct very dark gray (lOYR 3/1) and few fine faint dark 
yellowish brown (lOYR 4/4) mottles; many black (N 2/0) Mn 
concretions; moderate medium subangular blocky structure; 
friable; few roots; strong effervescence; abrupt boundary. 
2Bg2 83-103 cm; olive gray (5Y 5/2) sandy loam many fine 
prominent light olive brown (lOYR 5/4) and few fine faint 
dark yellowish brown (lOYR 4/4) mottles; few black (N 2/0) 
concretion; week fine subangular blocky structure; friable; 
strong effervescence; abrupt boundary. 
2BCg 103-120 cm; olive gray (5Y 5/2) loamy sand; many fine 
prominent yellowish brown (lOYR 5/8) mottles; week fine 
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subangular blocky structure; friable; strong effervescence; 
abrupt boundary. 
3Cgl 120-135 cm; light olive gray (5Y 6/2) loam; many fine 
prominent yellowish brown (lOYR 5/4) mottles; massive 
structure; friable; strong effervescence; clear boundary; 
oxidized unleached till. 
3Cg2 135-165 cm; light olive gray (5Y 6/2) loam; common fine 
distinct yellowish brown (lOYR 5/4) mottles; massive 
structure; friable; strong effervescence clear boundary; 
oxidized unleached till. 
3Cg3 165-190 cm; light olive gray (5Y 6/2); many medium 
prominent yellowish brown (lOYR 5/4) mottles; massive; 
friable; strong effervescence; clear boundary; oxidized 
unleached till. 
3Cg4 190-226 cm; olive gray (5Y 5/2) loam; few fine faint 
olive brown (2.5Y 4/4) mottles; massive; friable; strong 
effervescence; gradual boundary; reduced unleached till. 
3Cg5 226-265 cm; dark gray (5Y 4/1) loam; massive; friable; 
strong effervescence; unoxidized unleached till. 
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VOLUMETRIC WATER CONTENT 1988 
Clarion (summit) 
Depth Bulk 
cm Density 4-21 5-6 5-24 6-7 6-20 7-14 7-24 8-11 9-12 
22.9 1.4 28.2 23.3 22.1 19.5 19.3 17.6 26.2 17.9 23.3 
38.1 1.5 27.6 23.7 23.5 22.8 20.0 18.2 20.1 18.4 24.3 
53.3 1.5 26.7 22.9 23.4 22.7 19.4 18.0 18.1 17.9 23,7 
68.6 1.6 26.0 22,9 22.9 19.8 18.5 17.3 17.3 16.9 22.0 
83.8 1.6 25.2 22.4 22.2 19.6 18.3 16.7 16.4 16.2 18.0 
99.1 1.7 25.4 23.3 23.3 21.0 19.7 17.3 17.0 16.5 16,4 
114.3 1.7 26.1 24.3 25.3 24.2 23.9 20.7 20.8 18.3 18.5 
129.5 1.7 27.0 25.6 26.7 26.0 26.2 24.3 24.2 22.3 22,0 
144.8 1.8 27.8 26.5 28.0 27.5 27.4 26.5 26.7 25.6 25,3 
•-•50.0 1.8 28.2 26.5 28.3 27.7 28.3 27.8 26.9 25.3 26,8 
175.3 1.8 28.3 26.7 28.3 27.8 28.4 26.9 26.9 26.0 27,3 
190.5 1.9 29.1 28.7 29.1 26.8 27.3 26.8 27.2 26.1 27,7 
205.7 1.9 29.6 29.1 29.4 26.9 27.2 27.3 26.9 26.9 28.7 
VOLUMETRIC WATER CONTENT 1989 
Clarion (summit) 
Depth Bulk 
cm Density 5-11 6-1 6-28 7-17 8-3 8-21 9-15 10-15 
22.9 1.4 27.5 27.5 26.3 18.9 20.3 18.6 27.4 22.4 
38.1 1.5 26.4 26.4 21.8 19.2 19.4 18.8 25.0 22.3 
53.3 1.5 24.6 24.3 20.3 19.1 18.5 18.1 19.4 19.2 
68.6 1.6 21.2 22.7 19.2 17.9 18.1 17.4 17.6 17.8 
83.8 1.6 18.4 18.2 17.8 17.1 16.9 16.9 16.8 16.8 
99.1 1.7 21.0 20.8 19.9 18.2 18.4 17.9 18.3 17.9 
114.3 1.7 24.2 23.7 23.0 22.0 22.1 21.5 21.9 21.6 
129.5 1.7 25.5 25.4 25.1 24.4 24.4 24.1 24.2 24.0 
144.8 1.8 26.9 26.4 26.6 26.2 26.2 25.8 26.4 25.9 
160.0 1.8 27.8 27.3 27.2 27.2 27.4 .27.3 27.6 27.1 
175.3 1.8 27.8 28.0 28.2 28.1 27.8 27.9 28.2 27.5 
190.5 1.9 28.8 28.7 28.7 28.6 28.5 28.7 28.8 28.2 
205.7 1.9 29.3 29.1 29.0 29.2 29.2 28.9 29.2 28.7 
VOLUMETRIC WATER CONTENT 1990 
Clarion (summit) 
Depth Bulk 
cm Density 4-24 6-10 7-11 7-30 8-15 8-30 9-25 10-16 
22,9 1.4 28.1 28.0 30.4 29.6 28,5 28.8 25.8 24.4 
38,1 1.5 27.0 27.1 29.2 28.7 27.7 27.7 25.9 24.9 
53,3 1.5 26.0 26.8 27.9 27.8 27.1 26.9 25.5 24.7 
68.6 1.6 24.8 26.2 26.6 26.7 25.9 26.0 24.8 24.1 
83.8 1.6 23.9 26.1 26.6 26.4 25.9 25.3 23.9 23.1 
99.1 1.7 23.7 27.4 27.0 27.4 26.7 26.2 25.1 24.5 
114.3 1.7 24.6 28.3 27.5 28.6 27.6 27.0 26.4 25.7 
129.5 1.7 25.2 30.0 29.1 30.2 29.2 28.0 27.2 27.3 
144.8 1,8 26.6 29.6 29.6 29.5 29.7 4.5 28.4 28.5 
160,0 1,8 27.6 28.9 29.1 29.1 29.1 28.8 29.3 28.7 
175,3 1.8 27.9 28.5 29.1 28.9 28.9 28.7 28.8 28.6 
190,5 1.9 28.5 29.0 29.2 29.2 29.4 29.4 29.2 29.5 
205,7 1.9 29.0 28.9 29,3 29.4 29.8 29.4 30,1 29.8 
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VOLUMETRIC WATER CONTENT 1988 
Clarion (shoulder) 
Depch 
cm 
Bulk 
Dens icy 4-21 5-6 5-24 6-7 6 - 2 0  7-14 7-24 8-11 
22.9 
38.1 
53.3 
6 8 . 6  
83.8 
99.1 
114.3 
129.5 
144.8 
160 .0  
175.3 
190.5 
205.7 
1.5 
1 . 6  
1 . 6  
1 . 6  
1.7 
1.7 
1.7 
1.7 
1 . 8  
1 . 8  
1.9 
1.9 
1.9 
9-12 
28.1 27.4 22.3 20.2 20.3 19.0 27.3 19.9 26.2 1 
28.3 27.5 24.1 21.9 21.5 20.5 22.8 21.0 27.3 1 
27.6 26.9 24.8 22.5 21.8 20.6 20.6 20.5 26.7 1 
27.2 26.8 25.6 23.6 22.1 20.6 20.6 20.4 26.2 1 
26.8 26.6 25.7 24.3 23.2 20.8 20.8 20.5 24.6 1 
26.2 26.1 25.4 24.2 23.7 21.9 21.9 21.0 22.8 1 
27.5 26.7 26.6 26.0 25.6 24.8 24.7 24.0 24.6 1 
28.6 27.4 28.1 27.9 27.8 27.3 27.3 26.9 26.9 1 
29.2 28.6 28.9 23.4 28.6 28.2 28.0 27.7 28.0 1 
29.3 29.3 29.9 28.7 28.7 28.5 28.6 28.3 28.4 1 
29.9 29.6 30.5 29.0 28.9 28.1 28.0 27.9 28.4 1 
29.7 29.2 29.5 29.7 29.9 28.4 28.9 28.5 28.6 1 
29.4 29.0 29.6 29.6 30.2 29.1 29.1 28.5 29.0 1 
Depch 
cm 
Bulk Vol. 
Densicy 5-11 
VOLUMETRIC WATER CONTENT 1989 
Clarion (shoulder) 
6-1 6 - 2 8  7-17 8-3 8-21 9-15 10-15 
22.9 1.5 27.8 27.7 26.9 21.0 22.2 20.8 27.4 23.5 
38.1 1.6 27.9 27.9 24.5 22.1 22.4 21.8 26.7 24.1 
53.3 1.6 27.0 27.3 23.8 21.9 22.2 21.3 22.0 21.8 
68.6 1.6 26.2 26.7 24.0 21.9 21.9 21.3 21.3 21.0 
83.8 1.7 24.7 24.4 23.4 22.0 22.1 21.1 21.4 21.1 
99.1 1.7 23.3 23.5 23.0 22.5 24.7 21.6 21.7 21.6 
114.3 1.7 25.2 25.1 25.1 24.6 27.1 24.5 24.5 24.4 
129.5 1.7 27.3 27.4 27.3 27.4 27.8 26.9 27.2 26.8 
144.8 1.8 28.2 28.1 28.1 28.1 28.4 28.0 27.9 27.5 
160.0 1.8 30.6 28.3 28.8 28.8 27.9 28.2 28.1 27.7 
175.3 1.9 29.8 30.1 30.0 28.4 28.2 27.7 28.1 27.5 
190.5 1.9 29.8 29.9 29.8 28.7 28.4 28.6 28.7 29.0 
205.7 1.9 29.9 29.4 29.6 28.9 28.8 28.6 28.7 28.7 
Depch 
cm 
Bulk 
Densicy 4-24 
VOLUMETRIC WATER CONTENT 1990 
Clarion (shoulder) 
6-10 7-11 7-30 8-15 8-30 9-25 10-16 
22.9 
38.1 
53.3 
6 8 . 6  
83.8 
99.1 
114.3 
129.5 
144.8 
1 6 0 . 0  
175.3 
190.5 
205.7 
1 1.5 27.9 27.9 29.7 29.6 28.4 28.0 25.6 23.8 
1 1.6 28.3 28.2 29.7 29.3 28.6 28.3 26.4 25.5 
1 1.6 27.4 27.5 29.0 28.7 28.2 27.5 26.5 25.3 
1 1.6 26.9 27.5 28.3 28.7 27.5 27.2 26.1 25.3 
1 1.7 26.1 27.8 28.2 29.9 27.8 27.1 25.8 25.2 
1 1.7 25.9 28.2 33.0 31.0 29.1 27.9 26.0 24.9 
1 1.7 26.9 30.0 32.3 31.7 31.3 30.2 27.3 26.6 
1 1.7 27.9 31.3 31.7. 32.7 32.3 32.4 29.1 28.4 
1 1.8 28.0 32.2 30.7 31.6 32.2 • 31.7 31.4 29.0 
1 1.8 28.5 32.0 30.4 30.6 31.8 32.0 30.7 30.0 
1 1.9 30.0 30.6 30.1 29.9 30.0 29.9 30.2 29.9 
1 1.9 29.8 29.8 29.7 29.7 29.5 29.4 29.8 29.8 
1 1.9 29.6 29.5 29.4 29.3 29.1 29.6 29.8 29.6 
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VOLUMETRIC WATER CONTENT 1988 
Depth 
cm 
Bulk 
Density 4-21 5-6 
Nicollet (backslope) 
DAMAGED 
5-24 6-7 6-20 7-14 7-24 8-11 9-12 
22.9 . 1.5 29.7 29.2 ERR 17.9 20.0 20.0 26.3 23.8 23.3 
38.1 1.5 28.9 28.7 ERR 23.1 23.3 23.0 28.2 26.4 27.2 
53.3 1.5 28.8 28.5 ERR 24.2 24.5 24.4 26.0 25.3 27.9 
68.6 1.6 28.6 28.2 ERR 25.2 25.6 25.3 25.5 25.2 27.8 
83.8 1.7 29.3 28.3 ERR 26.9 26.8 26.4 26.8 25.4 27,0 
99.1 1.7 30.6 28.9 ERR 28.1 28.0 26.8 28.4 26.1 27.3 
114.3 1.7 31.9 30.3 ERR 29.6 29.0 28.3 29.5 27.7 28.4 
129.5 1.8 32.9 31.6 ERR 30.1 30.0 29.1 30.4 29.2 29.0 
144.8 1.8 32.0 31.8 ERR 31.3 31.4 30.2 31.4 29.9 30.3 
160.0 1.8 31.3 32.0 ERR 30.8 31.3 30.3 31.6 31.1 31.2 
175.3 1.9 30.8 29.9 ERR 30.9 30.7 30.4 30.3 30.5 30.0 
190.5 1.9 29.9 29.2 ERR 30.7 30.0 29.4 30.1 29.5 29.9 
205.7 1.9 29.9 29.6 ERR 29.8 29.8 29.6 30.1 29.7 29.8 
VOLUMETRIC WATER CONTENT 1989 
Nicollet (backslope) 
Depth Bulk 
cm Density 5-11 6-1 6-28 7-17 8-3 8-21 9-15 10-15 
22.9 1.5 ERR ERR 28.8 24.2 23.5 21.2 27.3 22.5 
38.1 1.5 ERR ERR 29.8 27.2 25.1 23.2 26.1 24.1 
53.3 1.5 ERR ERR 29.5 27.2 25.9 24.3 24.3 23.7 
68.6 1.6 ERR ERR 28.7 27.1 25.9 24.3 24.1 23.5 
83.8 1.7 ERR ERR 28.0 27.6 26.1 24.5 23.9 23.4 
99.1 1.7 ERR ERR 28.7 28.9 26.8 25.7 25.0 24.5 
114.3 1.7 ERR ERR 30.4 29.7 28.6 28.1 28.0 27.5 
129.5 1.8 ERR ERR 31.1 30.9 30.2 29.2 29.3 29.3 
144.8 1.8 ERR ERR 31.2 30.9 31.2 30.9 30.2 30.7 
160.0 1.8 ERR ERR 30.9 30.6 31.2 30.7 30.3 30.8 
175.3 1.9 ERR ERR 30.6 29.8 30.7 30.3 30.7 30.5 
190.5 1.9 ERR ERR 29.9 29.7 29.7 29.9 30.1 29.9 
205.7 1.9 ERR ERR 29.6 29.7 29.7 29.4 29.7 29.9 
VOLUMETRIC WATER CONTENT 1990 
Nicollet (backslope) 
Depth Bulk 
cm Density 4-24 6-10 7-11 7-30 8-14 8-30 9-25 10-16 
22.9. 1.5 28.0 29.2 31.6 31.3 29.7 29.4 26.8 24.6 
38.1 1,5 29.3 31.7 31.9 32.1 30.7 30.4 27.5 26.3 
53.3 1.5 28.7 33.8 32.5 32.2 30.8 30.7 27.6 27.2 
68.6 1.6 28.2 33.1 32.9 32.8 31.1 31.1 30.2 28.1 
83,8 1.7 27.5 32.5 32.9 31.6 31.2 31.4 30.7 28.1 
99.1 1.7 28.6 32.1 32.3 31.8 31.4 31.8 32.1 30.9 
114.3 1.7 30.2 32.0 31.7 31.5 31.6 31.8 32.6 32.1 
129.5 1.8 32.0 31.3 31.7 31.4 31.3 31.4 32.6 31.6 
144.8 1.8 31.1 31.3 31.6 31.2 31.6 31.7 31.3 31.4 
160.0 1.8 31.1 30.9 31.0 30.6 31.3 31.4 31.0 31.1 
175.3 1.9 30.3 30.6 30.5 30.4 30.5 30.7 30.6 30.6 
190.5 1.9 29.7 30.0 30.0 29.3 30.1 30.1 29.9 30.2 
205.7 1.9 29.3 29.6 29.6 30.0 29.5 29.4 29.4 29.8 
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VOLUMETRIC WATER CONTENT 1988 
Knoke (depression) 
Depth Bulk 
cm Densicy 4-21 5-6 5-24 6-7 6-20 7-14 7-24 8-11 9-12 
22.9 1.4 32.1 30.9 29.0 25.3 25.3 23.6 30.9 24.8 29.6 i 
38.1 1.5 31.1 30.5 29.6 26.4 25.9 24.1 25.8 24.2 29.6 1 
53.3 1.5 31.3 30.6 30.7 29.6 28.0 24.9 25.0 24.7 29.2 1 
68.6 1.5 31.9 31.5 31.2 31.3 30.2 27.4 27.4 26.3 29.3 1 
83.8 1.6 32.3 32.1 32.3 32.3 32.2 28.8 28.8 27.1 30.1 1 
99.1 1.7 32.3 32.2 32.7 32.6 32.6 30.5 30.4 28.2 30.6 1 
114.3 1.7 32.5 33.0 32.7 33.0 32.8 31.3 30.9 30.1 32.1 1 
129.5 1.7 33.6 33.2 33.3 33.6 33.2 32.2 32.9 32.4 32.7 1 
144.8 1.7 32.0 33.0 32.3 32.3 32.2 32.4 32.9 33.5 32.0 1 
160.0 1.8 31.5 32.0 31.9 32.1 31.6 32.8 31.7 32.5 30.5 1 
175.3 1.8 30.2 32.0 31.4 32.2 32.1 31.8 31.1 32.0 30.0 1 
190.5 1.9 29.5 30.6 29.4 30.8 30.4 30.3 30.8 30.6 29.4 1 
205.7 1.9 29.3 29.9 28.9 30.2 29.5 30.5 30.1 31.0 29.5 1 
VOLUMETRIC WATER CONTENT 1989 
Knoke (depression) 
Depth Bulk 
cm Density 5-11 6-1 6-28 7-17 8-3 8-21 9-15 10-15 
22.9 1.4 31.9 31.9 32.1 26.9 27.0 25.7 31.2 28.2 
38.1 1.5 30.7 30.9 30.8 27.9 27.2 25.7 29.8 28.0 
53.3 1.5 32.4 30.7 30.4 29.3 27.0 27.8 29.5 28.5 
68.6 1.5 31.0 30.7 30.7 29.7 29.6 29.4 29.3 29.3 
83.8 1.6 32.3 32.3 31.0 29.8 29.4 28.9 30.4 28.6 
99.1 1.7 32.9 33.3 32.2 30.3 30.9 29.5 31.3 29.1 
114.3 1.7 33.7 33.2 33.4 32.5 32.7 31.5 32.0 30.7 
129.5 1.7 33.3 32.9 33.0 33.1 33.3 31.8 32.7 31.8 
144.8 1.7 32.5 32.3 33.6 31.8 32.1 31.7 33.5 33.6 
160.0 1.8 32.3 31.4' 32.6 30.3 31.3 32.3 32.7 32.5 
175.3 1.8 32.0 30.9 30.5 30.0 30.6 32.0 32.3 31.8 
190.5 1.9 30.7 29.3 29.2 29.6 29.3 30.4 30.7 30.2 
205.7 1.9 28.9 29.0 29.0 29.3 28.8 29.1 30.2 28.9 
VOLUMETRIC WATER CONTENT 1990 
Knoke (depression) 
Depth Bulk 
cm Density 4-24 6-10 7-11 7-30 8-14 8-30 9-25 10-16 
22.9 1.4 31.7 32.0 34.2 34.1 32.9 32.8 31.9 31.9 
38.1 1.5 30.4 31.3 33.9 32.9 32.0 31.5 30.9 31.0 
53.3 1.5 30.3 32.4 33.7 32.7 31.9 32.4 31.1 31.4 
68.6 1.5 30.5 33.1 33.3 32.4 32.3 33.5 31.5 31.4 
83.8 1.6 30.6 33.5 33.4 33.7 33.6 33.5 32.4 33.6 
99.1 1.7 32.8 33.0 33.3 33.5 33.1 33.2 33.0 33.6 
114.3 1.7 33.4 33.0 33.0 33.3 33.2 33.2 33.0 33.4 
129.5 1.7 33.0 33.1 33.0 33.4 J 33.1 33.6 33.0 33.2 
144.8 1.7 32.9 32.3 31.9 32.1 32.1 32.2 32.9 32.5 
160.0 1.8 32.6 32.4 31.4 31.5 32.1 30.7 32.4 32.4 
175.3 1.8 31.8 31.8 31.2 30.7 31.0 30.2 31.3 31.5 
190.5 1.9 29.6 30.7 30.5 29.6 29.6 29.6 30.5 30.3 
205.7 1.9 29.0 29.2 30.1 29.1 29.2 29.2 29.1 29.3 
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VOLUMETRIC WATER CONTENT 1988 
Depch 
era 
Bulk 
Denslcy 4-21 5-6 
CanlsCeo (coeslope) 
5-24 6-7 6-20 7-14 7-24 8-11 9-12 
22.9 1.5 33.7 32.5 30.5 26.0 26.3 24.6 31.7 25.7 31.9 
38,1 1.5 32.5 32.0 31.4 28.6 27.3 25.2 26.7 25.3 31.4 
53.3 1.6 32.3 31.6 32.0 31.5 30.5 25.6 26.4 25.6 31.0 
68.6 1.7 32.6 32.2 32.5 32.2 31.8 2 8 . 9  29.4 27.8 30.2 
83.8 1.7 32.7 32.4 32.4 31.2 31.0 29.3 29.3 28.7 29.3 
99.1 1.7 33.2 32.6 33.5 32.1 31.5 28.8 31.6 27.7 • 28,9 
114.3 1.7 34.0 34.2 34.2 34.6 34.2 31.6 32.0 30.4 31.5 
129.5 1.8 33.8 33.8 33.2 33.1 33.1 32.2 32.5 30.7 33.1 
144.8 1.8 33.8 32.5 33.3 33.2 33.4 33.1 32.2 32.7 33.9 
160.0 1.8 32.5 31.6 32.1 32.3 32.0 33.9 32.3 32.9 30,8 
175.3 1.8 32.3 31.8 31.7 32.1 31.9 31.2 32.1 30.7 31,0 
190.5 1.9 30.6 31.5 30.2 29.7 30.0 30.4 30.5 29.5 29,8 
205.7 1.9 30.2 30.5 29.5 29.9 29.5 30.4 29.9 29.7 30.0 
VOLUMETRIC WATER CONTENT 1989 
Canlsteo (Coeslope) 
Depch Bulk 
era Densicy 5-11 6-1 6-28 7-17 8-3 8-21 9-15 10-15 
22,9 1.5 33.5 33.6 31.7 27.1 27.7 26.4 32.7 28.8 
38.1 1.5 32.7 32.4 31.8 28.6 28.6 27.2 31.7 29.6 
53.3 1.6 31.8 32.1 31.7 30.4 30.4 29.0 31.1 29.7 
68.6 1.7 31.7 32.5 31.6 30.5 30.5 30.1 30.8 30.2 
83.8 1.7 32.7 33.5 32.0 30.1 29.7 29.4 31.8 29.3 
99.1 1.7 33.9 33.6 32.6 30.9 30.8 30.3 31.8 30.3 
114.3 1.7 34.1 34.1 33.8 32.4 32.1 31.7 33.1 31.9 
129.5 1.8 33.5 34.0 32.7 33.5 32.3 31.9 33.8 32.1 
144.8 1.8 32.6 33.0 32.0 33.4 31.8 32.4 32.0 31.2 
160.0 1.8 32.1 31.6 32.0 31.9 31.9 31.7 32.1 31.7 
175.3 1.8 31.3 30.6 31.3 31.3 31.0 30.8 31.2 30.5 
190.5 1.9 30.6 30.3 30.4 30.2 30.0 30.4 30.3 30.1 
205.7 1.9 30.4 30.1 30.0 29.9 30.1 30.0 30.3 29.9 
VOLUMETRIC WATER CONTENT 1990 
CanlsCeo (Coeslope) 
Depch Bulk 
cm Denslcy 4-24 6-10 7-11 7-30 8-14 8-30 9-25 10-16 
22 9 1.5 33.3 33.3 35.3 34.7 34.5 34.4 33.8 33.8 
33 I 1.5 32.4 32.9 33.6 34.7 33.6 33.1 32.7 32.8 
53 3 1.6 31.8 32.0 33.8 33.3 32.9 33.1 32.3 32.3 
68 6 1,7 31.9 32.2 33.8 33.9 33.0 33.1 32.3 32.4 
83 8 1,7 33.4 33.5 33.9 33.6 34.1 33.8 32.7 32.3 
99 1 1,7 33.7 34.0 34.0 34.2 34.4 34.1 33.2 33.0 
114 3 1.7 34.5 34.3 34.0 32.9 34.2 32.5 33.5 34.1 
129 5 1.8 34.1 32.8 33.0 32.2 32.3 32.3 33.7 33.6 
144 a 1.8 32.9 32.1 32.0 32.1 32.1 31.7 33.3 32.4 
160 0 1.8 31.5 31.6 31.7 31.9 31.5 31.4 31.8 31.3 
175 3 1.8 31.0 31.0 31.1 31.0 
190 5 1 9 30.4 30.7 30,6 30,5 
205 7 1.9 30.0 30.9 29.4 29,8 
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APPENDIX C: CLIMATIC AND WATER TABLE DATA 
161 
AR MONTH PPT PPT EV/y EVAP CLARION I CLARI0N2 NICOLLET KNOKE CANISTEO 
(Inch) (cm) (Inch) (cm) (cm) (cm) (cm) (cm) (cm) 
84 JAN 0.51 1.30 0.00 
84 FEB 0,81 2.06 0.00 
84 MAR 1.17 2.97 0.00 
84 APR 6.83 17.35 0.00 
84 MAY 5.06 12.85 6.86 17.42 131 137 83 66 83 
84 JUN 6.58 16.71 8.16 20.73 115 114 71 48 84 
84 JUL 3.40 8.64 8.82 22.40 177 176 94 63 91 
84 AUG 0.31 0.79 8.44 21.44 221 211 113 82 98 
84 SEP 3.99 10.13 6.57 16.69 194 188 125 88 92 
84 OCT 3.63 9.22 2.97 7.54 185 182 137 93 91 
84 NOV 2.06 5.23 0.00 177 164 114 94 89 
84 DEC 1.70 4.32 0.00 194 182 132 88 91 
Total 36.1 91.6 41.8 106.2 1394 1354 869 622 719 
Ava 3.0 7.6 7.0 8.9 174 169 109 78 90 
85 JAN 0.35 0.89 0.00 193 213 118 86 98 
85 FEB 0.93 2.36 0.00 231 222 161 94 97 
85 MAR 2.28 5.79 0.00 195 192 132 91 90 
85 APR 1.22 3.10 7.18 18.24 175 168 113 82 91 
85 MAY 1.27 3.23 9.67 24.56 208 200 129 87 95 
85 JUN 3.39 8.61 9.76 24.79 238 227 144 94 99 
85 JUL 1.40 3.56 9.46 24.03 273 253 161 105 121 
85 AUG 5.08 12.90 6.80 17.27 311 253 177 114 131 
85 SEP 4.03 10.24 5.98 15.19 318 280 185 122 121 
85 OCT 3.43 8.71 3.80 0.00 230 203 138 94 88 
85 NOV 0.66 1.68 0.00 193 189 123 88 92 
85 DEC 1.28 3.25 0.00 200 203 144 92 93 
Total 25.32 64.31 52.65 124 2765 2603 1725 1149 1216 
AVG 2.11 5.36 7.52 10.34 230 217 144 96 101 
86 JAN 0.04 0.10 O.OO 200 201 140 94 83 
86 FEB 1.03 2.62 0.00 184 180 120 83 85 
86 MAR 2.14 5.44 0.00 162 154 113 79 88 
86 APR 5.20 13.21 6.40 16.26 145 140 98 71 84 
86 MAY 5.45 13.84 7.05 17.91 121 l i t  69 56 74 
86 JUN 6.51 16.54 9.47 24.05 157 147 89 60 86 
86 JUL 5.47 13.89 9.20 23.37 148 131 85 58 81 
86 AUG 3.59 9.12 6.44 16.36 180 170 107 67 90 
86 SEP 6.90 17.53 4.69 • 11.91 207 194 125 75 94 
86 OCT 4.55 11.56 2.99 7.59 126 114 65 55 70 
86 NOV 1.22 3.10 0.00 151 145 79 58 83 
86 DEC 0.81 2.06 0.00 174 166 105 75 88 
Total 42.91 108.99 46.24 117 1955 1853 1195 831 1006 
AVG 3.58 9.08 6.61 9.79 163 154 100 69 84 
87 
37 
87 
87 
87 
87 
87 
87 
87 
87 
87 
87 
88 
88 
88 
88 
88 
88 
88 
88 
88 
88 
88 
88 
89 
89 
89 
89 
89 
89 
89 
89 
89 
89 
89 
89 
MONTH PPT PPT EVAP EVAP CLARION 1 CLARION; NICOLLET KNOKE CAAVISTEO 
(Inch) (cm) (Inch) (cm) (cm) (cm) (cm) (cm) (cm) 
JAN 0.19 0.48 , 0,00 188 179 116 80 91 
FEB 0.52 1.32 0,00 208 197 128 86 92 
MAR 2.00 5.08 0,00 174 167 101 74 87 
APR 2.17 5.51 8.15 20,70 162 144 87 68 83 
MAY 3.62 9.19 9.74 24,74 199 184 109 74 92 
JUN 3.03 7.70 10.47 26,59 213 195 124 81 93 
JUL 4.78 12.14 8.48 21.54 218 200 129 80 93 
AUG 12.60 32.00 6.58 16.71 220 207 132 81 85 
SEP 2.07 5.26 5.33 13.54 170 165 89 61 90 
OCT 1.13 2.87 4.53 11.51 211 203 115 76 95 
NOV 2.72 6.91 0.00 215 206 128 83 92 
DEC 1.43 3.63 0.00 184 169 121 76 95 
Total 36.26 92.10 53.28 135.33 2362 2216 1379 920 1088 
AVG 3.02 7.68 7.61 11.28 197 185 115 77 91 
JAN 0.37 0.94 0.00 184 176 128 82 94 
FEB 0.21 0.53 0.00 199 185 131 88 94 
MAR 0.38 0.97 0.00 208 198 132 89 94 
APR 1.72 4.37 7.09 18.01 201 185 113 86 92 
MAY 1.75 4.45 13.35 33.91 216 206 122 89 97 
JUN 2.09 5.31 12.99 32.99 255 234 138 95 109 
JUL 3.39 8.61 10.90 27.69 299 254 158 119 141 
AUG 6.07 15.42 10.73 27.25 302 254 165 125 148 
SEP 3.29 8.36 6.70 17.02 260 236 195 121 125 
OCT 0.27 0.69 0.00 249 244 193 125 122 
NOV 1.93 4.90 0.00 253 239 191 122 119 
DEC 0.77 t.96 0.00 278 244 194 132 119 
Toul 22.24 56.49 61.76 156.87 2904 2655 1860 1273 1354 
AVG 1.85 4.71 10.29 13.07 242 221 155 106 113 
JAN 1.12 2.84 0.00 282 240 198 135 U9 
FEB 0.30 0.76 0.00 280 254 193 131 117 
MAR 0.73 1.85 0.00 270 254 188 116 105 
APR 2.58 6.55 6,72 17.07 265 227 163 106 89 
MAY 4.16 10.57 7.31 18.57 254 208 143 84 89 
JUN 3.49 8.86 8.18 20.78 248 213 136 89 86 
JUL 2.43 6.17 9.86 25.04 259 231 136 97 116 
AUG 1.73 4.39 8.65 21.97 302 254 155 116 130 
SEP 3.20 8.13 5,73 14.55 258 251 145 102 107 
OCT 2.90 7.37 0.00 243 243 137 112 110 
NOV O.U 0.28 0.00 231 • 227 128 110 105 
DEC 0 13 0.33 0.00 259 249 151 106 109 
Toul 22.88 SS.i2 46.4S 117.98 3iSI 28S1 1873 130* im 
AVG 1.91 4.84 7,74 9.83 263 23* 156 109 107 
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89 
75 
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51 
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89 
84 
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88 
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ktONTH PPT PPT EVAP EVAP CLARION I CLARION2 NICOLLET KNOKE 
(Inch) (cm) (Inch) (cm) (cm) (cm) (cm) (cm) 
JAN 0.72 1.83 0.00 276 253 156 116 
FEB 0.43 1.09 0.00 287 248 146 101 
MAR 5.01 12.73 0.00 279 225 131 93 
APR 2.00 5.08 6.12 15.54 260 208 127 84 
MAY 8.56 21.74 6.96 17.68 180 162 56 65 
JUN . 8.27 21.01 7.85 19.94 132 132 36 61 
JUL 7.70 19.56 7.99 20.29 122 107 47 45 
AUG 4.29 10.90 0.00 135 126 55 53 
SEP 2.25 5.72 0.00 170 160 79 71 
OCT 1.64 4.17 0.00 197 182 90 79 
NOV 1.55 3.94 0.00 209 194 103 83 
DEC 1.88 4.78 0.00 211 193 105 81 
Total 44.30 112.52 28.92 73,46 2458 2190 1131 932 
Avg 3.69 9.38 7.23 6.12 205 183 94 78 
